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Abstract

The current state and trend of Earthquake Engineering practice calls for better

understanding of structural nonlinear response due to strong ground motion excitation.

The present study deals with issues on such structural-systems understanding, in light of

recent developments in Probabilistic Seismic Demand Analysis (PSDA), which is a

practical interface between the elastic and inelastic representations of structural behavior

and ground motion hazard, in a probabilistic framework.

One part of this study deals with requirements of PSDA in terms of structural response

representation: efficient and accurate estimations of response. Ground motion response

spectral shape is studied and is recognized as having an important contribution to

structural displacement demands, especially for structures that are forced into large

nonlinear displacements. Methods based on the use of particular spectral shapes for

providing accurate and efficient estimates of response are studied.

In particular, the use of Spectrum Matched Records (also known as Spectrum Compatible

Records) for the prediction of M-R (magnitude-distance) scenario-based displacement

demands is discussed. It was found that the use of Spectrum Matched accelerograms, for

the estimation of these nonlinear demands associated to a scenario event, can lead (albeit

very efficiently) to obtaining unconservative results. An important cause of this bias is

identified.
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The second part of this study "dis-assembles" the components of PSDA for structural

design purposes. The final product of PSDA is a probabilistic representation of a

structure's response given its seismic environment. A methodology is proposed by

assigning a desired exceedence probability to a particular response level of interest (e.g.,

collapse) in order to try to estimate the design-level ground motion to consider for design.

The proposed method is tested and presented with an example, for which a 3-D model of

a steel offshore platform is considered. Some issues that arise from considering the

traditionally uni-dimensional PSDA and spectrum matching (one horizontal component

of ground motion) on a three-dimensional system (two horizontal components of

response) are discussed as well.
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Chapter 1

Introduction

1.1 Background.

Modern seismic design philosophy recognizes the need to target a broader set of design

objectives than have been historically considered for different structural systems.

Examples for offshore, nuclear, and conventional buildings include: ISO-WG3, 1995;

DOE-1020, 1994; and FEMA-273, 1996, respectively. For example, Performance Based

Seismic Design (PBSD) (SEAOC, 1996) not only introduces a framework by which the

owner of a structure may select from a range of behavior levels and objectives but also

calls for the means to confirm accurately that a proposed structural design meets those

objectives.

Conceptually, as considered for example in SEAOC, 1996, PBSD encompasses the issues

that need to be addressed in order to design civil structures "for predictable and definable

seismic performance, within established levels of risk". The Earthquake Performance

Levels (or damage states) that PBSD considers range from "Fully Operational" to "Near

Collapse"; the levels of risk it considers by means of Earthquake Design Levels range

from "Frequent" to "Very Rare". By defining such performances and levels of risk, it

recognizes the need to "more directly address the inelastic response of structures and

provide alternative procedures to better achieve defined seismic performance objectives".
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A tool that can aid the engineer in such schemes is Probabilistic Seismic Demand

Analysis (PSDA).  It provides a means for establishing the annual likelihoods of different

Performance Levels (e.g., by defining performance in terms of structural response), given

the seismic exposure of the structure.

Probabilistic Seismic Demand Analysis is built upon the more traditional Probabilistic

Seismic Hazard Analysis (PSHA). PSDA couples the stochastic description of future

ground motions from PSHA with their random dynamic effects on the structure. In brief,

the demand hazard can be computed by the following equation:

�
∀

=>=>
i

ii yYPyzZPzZP ][]|[][ 1.1

where Z is some structural response (e.g., maximum interstory ductility), and Y is a

relevant seismic intensity (e.g., spectral acceleration). PSHA takes care of computing

P[ Y = yi  ],  the probability distribution of the intensity (Cornell, 1968)

A closed form solution to the above probabilistic description of response, can be given by

the following equation, under some mild assumptions of the variables involved (See for

example Luco and Cornell, 1996; also see Appendix A for a derivation):

,][][
])(

2
1[ 2)|ln(
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where H[.] is the site-specific seismic hazard curve (in terms of the intensity Y), yz is the

"expected value"1 of the intensity that will cause the response z, K is the (log-log) slope

of the site-specific hazard curve, b represents the slope of the (log-log) relationship

                                                
1 It is not precisely the expected value; yz is the value of the intensity whose median response is found to be
z; this distinction arises from the fact that intensity is the independent variable considered to describe the
response-intensity relationship. This relationship is considered to be linear in logarithmic terms of both
variables, with a Gaussian distribution about the prediction. See Chapter 4 for a more detailed discussion.
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between Z and the observed intensity, and σln(Z|Y) represents the dispersion of the response

given the seismic intensity.

Needless to say, both PBSD and PSDA require the understanding of structural behavior.

Such understanding is necessary to produce accurate predictions of structural response to

given levels of ground motion, ranging from the elastic behavior through the non-linear

regime. PBSD and PSDA also rely on efficient means of obtaining such predictions. As

can be seen in equation 1.1, the conditional probability distribution of exceeding a

structural response z needs to be established. Accurate will mean, for example, that given

that a particular probability distribution can be assumed for Z we can confidently find

representative (i.e. unbiased) estimates of the corresponding parameters for it (e.g., mean

and variance). Efficient will mean that for the same previous assumption, we can

statistically estimate such parameters from as small a sample size as possible.

It is not uncommon to observe variability of nonlinear response to ground motion of a

particular scenario (i.e., of a given magnitude and distance) having a coefficient of

variation (COV) close to unity (see for example Shome and Cornell, 1999). For the usual

lognormal description of response, such unitary COV translates into a standard deviation

of the logarithm (σlnZ) of response of around 0.8 (for smaller values of COV, it is

approximately equal to σlnZ). Such a large dispersion value implies the need of a large

number of observations in order to predict with reasonable accuracy the estimates of the

parameters of the distribution of response.  For example, for a one-sigma confidence (i.e.,

approximately 64% confidence) of estimating the median response within a bandwith of

±10% of its real value, the above variability translates into (0.8/0.1)2 = 64 required

observations2.

                                                
2For a N-sigma confidence (roughly: for N = 1, confidence = 64%; for N = 2, confidence = 95%), and a w-
percent confidence band width (precision on the estimate of the median response), the required number
satisfies: (w/100) = N σ / n1/2, or n = (N σ / (w/100) )2. This means we are fixing the (N-times) standard
error of estimation (SEE = σ / n1/2) of the (log-average) response to a desired precision (w-percent).
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Shome, et al, 1998, show that by simply normalizing (i.e., scaling to a common value of

spectral acceleration for an "appropriate" frequency) the records to be used in the

structural analysis, one can reduce the value of σlnZ by roughly a half, implying that one

will be able to reduce the required number of observations by a factor of four. For the

previous example, it means running only ((0.8/2)/0.1)2 = 16 records. In other words one

gains efficiency by normalizing. Fortunately, this method does not lose accuracy while

gaining such efficiency.

As will be seen in Chapter 3, Spectrum Matching, another record manipulation scheme

currently used in engineering practice, further reduces the dispersion of the results.

Roughly, a reduction of four in the required number of records with respect to the

original data set can be expected. One can see that this means now, for the same

confidence, a required sample size of only ((0.8/4)/0.1)2 = 4 records. Caveat: such an

increase in efficiency does not come, however,  without loss in accuracy. In other words,

the estimation of the parameters is biased. As will be seen, it is biased unconservatively.

Traditional structural element sizing schemes have considered the seismic forces that

could be related to a single earthquake design level (e.g., associated to a probability of

exceedence of 10% in 50 years, SEAOC, 1996), albeit reduced to allow for the

consideration of nonlinear structural behavior. Other than for such a reduction, postelastic

behavior is not explicitly considered in the sizing. It is seldom even tested or verified by

nonlinear structural analyses. Typically, any assumption on the force reduction given a

ductile behavior (provided by appropriate detailing, for example) will be considered

valid. Some codes (e.g., API, 1993) will, however, require that such ductility and

nonlinear response assumptions do indeed hold for the "rare, intense earthquake without

collapsing", and that they be verified.

The transition between elastic-force-based design and an actual nonlinear-response-based

design is not a straightforward one. Traditionally, the definition of the seismic

environment was considered virtually completely defined by means of an elastic design

spectrum. Typical spectral shapes considered for design are, for example, Newmark-and-



CHAPTER 1. INTRODUCTION.

5

Hall-spectrum based (FEMA-274, 1997), Uniform Hazard Spectra (UHS) or  scenario or

site-specific spectral shapes (by means of an attenuation law and a particular scenario

seismic event; i.e., M, R, and soil type), etc. Even if all of the above shapes can be

somehow related to the same earthquake design level, upon considering the need to

describe more thoroughly the nonlinear response of structural systems, one begins to

question such elastic representations of the ground motion. One may wonder, for

example, what the relevance of the ground motions' different relative spectral shapes is,

and how these differences should be taken into account.

Certain codes do recognize that there might be cases where dynamic analyses should be

carried out in order to determine adequate seismic responses. Even in those cases, the

requirements for the time-history analyses may be seen as vague. For example, one of

SEAOC's Blue Book (SEAOC, 1996) recommendations for some seismic-isolated

structures is to consider the seismic response obtained by averaging those obtained from

seven different time-histories.  Implicit in such a recommendation is the expected

variability in the nonlinear response, for which seven analyses should be an adequate

number. Another recommendation is that if only three records are considered for analyses

(the minimum allowed number) the response to consider for design should be that of the

maximum of the three; this is an attempt to be at least conservative. Again, some

unspecified level of variability is implicit in such recommendation, such that three was

deemed a reasonable number.  Although not explicitly quantified in many codes it may

be recognized that non-linear analyses yield results with a certain level of variability

(FEMA-273, 1997): "A greater number of acceleration time histories is required for

nonlinear procedures than for linear procedures because nonlinear structural response is

much more sensitive than linear response to characteristics of the ground motions, in

addition to the characteristics of response spectral content".

For dynamic structural analyses, general provisions may be made in terms of particular

"matching" schemes for the response spectra of the selected accelerograms, be they

recorded or simulated (e.g., UBC, 1997). The scaling of the former and the scaling or

construction of the latter should be "appropriately" carried out: the whole set of
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accelerograms should be scaled such that the average value of the SRSS spectra doesn't

fall below a prescribed value of the design-basis earthquake (DBE) in a somewhat ad-hoc

"region of interest" between 0.2T second to 1.5T seconds. T is the fundamental period of

the structure considered. As mentioned above this is an important issue to consider. Is the

design-basis spectrum really a good basis for selection of "appropriate" ground-motion

accelerograms? We may be able to answer this question by analyzing what "information"

is contained in the design-basis earthquake spectrum. For example, a UHS can be

"dissaggregated" into the events that contribute the most to the hazard of a particular

oscillator frequency. Ground motions can directly be associated to such events, and will

not, in general, have spectral shapes that resemble the whole UHS.

Elements implicit in the aforementioned recommendations will be addressed here.  For

example, regarding accuracy, to be discussed are issues on design spectral shape, and the

records' spectral shapes relative to the design spectrum and to each other . On addressing

efficiency issues on the number of records to consider adequate will also be discussed. It

will be discussed that the elastic spectral shape linked to nonlinear time history analysis is

important, especially if recorded acceleration time histories are to be artificially modified.

Finally, an attempt will be made to bridge the gap between nonlinear structural

understanding, and its use to guide the traditional elastic-based member sizing design

schemes.

1.2 Organization and Scope.

It is intended in this study to address some of the issues discussed above, and to improve

PSDA as an engineering tool. The main focus is on nonlinear structural behavior; how to

benefit from currently used methods (e.g., Spectrum Matched Records) to estimate it

accurately and efficiently, and how to profit from the understanding of nonlinear

behavior for design.
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Even if one is willing to perform as many nonlinear analyses as necessary, it is easy to

realize that ground motions may not be available. The engineer's preferred option is to

employ recorded ground motion before having to make use of artificially generated

accelerograms. Chapter 2 addresses this problem briefly, and proposes one intermediate

solution, by using recorded ground motions as seeds, and subjecting them to mild

modifications, unlike the comparatively "harsh" manipulation that some methods utilize.

It discusses the importance of spectral shape and the way to take advantage of available

ground motions from different characteristics than those desired, by modifying them

accordingly. It allows the engineer to use artificially generated ground motions, with

more natural "jagged" spectral shapes and phase spectra than some artificial ground

motion schemes can offer. It introduces the concept of Spectrum Matching or

Compatibilizing, but unlike traditional uses of these methods, makes use of non-smooth

target spectral shapes, which are more closely related to the input seed.

The more traditional consideration of using a smooth target spectral shape for response

spectrum matching is addressed in Chapter 3. The actual efficiency that the method can

allow, briefly mentioned in the previous section above, is presented and discussed.  Also

discussed is the far-from-obvious presence of bias in the estimation of displacement-

based response. Upon such demonstrations, an attempt to explain this bias is carried out,

as is a procedure for bias correction.

Chapter 4 makes use of the PSDA format in order to provide for information relevant for

structural design. By disassembling the analytic formulation of the probability of failure

(Eq. 1.1) , and by making engineering judgement on the expected postelastic behavior of

the structure-to-be, it presents a scheme for computing a design-basis earthquake

representation (e.g., in terms of spectral acceleration) for sizing. This resulting DBE is

not tied to a fixed probability of exceedence itself, but to a level that will cause the

expected (post-elastic) failure to occur with a prescribed probability. The proposed design

scheme also allows for local sizing for direct reliability improvement. A case study is

presented for the design of a 3-dimensional fixed steel offshore platform. Some of the bi-



CHAPTER 1. INTRODUCTION.

8

products of considering a 3-dimensional structure in a traditional uni-dimensional PSDA

(one horizontal component of ground motion and response) framework are presented in

Appendices 4.A. The design scheme proposed in Chapter 4 is tied to a failure

performance level. Interesting issues arose in the design procedure, such as the need for

identification of a scalar representation of seismic intensity, as well as of failure; the

probabilistic description of seismic demands and threats, as proposed by equation 1.2,

consider scalar representations. Chapter 5 also addresses some of the problems of

considering such uni-dimensional PSDA with a 3-dimensional system, from the point of

view of using spectrum-matched records.

Finally, Chapter 6 presents a summary and conclusions of the findings of all Chapters. It

presents an overview of the Chapters and lays out the relationship between one another,

laying out the foundations for future work.

It is worthwhile mentioning what was deemed to be important but was not considered,

due to either need of focus, lack of time, or a combination of these.  The study of

"representative" accelerograms, and their spectral shape is limited to scenario-based

records, i.e. a M-R bin of records. One potentially important special case scenario, i.e.,

the explicit identification of the issues that arise from considering records from near-

source events records, was not considered. Records considered are mainly stiff-soil

California ground motion records.

In terms of spectral shapes, also only scenario-based shapes are considered. The use of

other shapes to be used as targets for spectrum compatibilizing is not addressed, limiting

the practical use of the results presented. The description of a more rational spectral

shape to be explicitly linked to nonlinear dynamic analysis in a PSDA framework is left

for future work.

The systems analyzed in Chapter 3 did not consider strength-degrading behavior,

including P-∆ effects. Also not studied were issues related to the presence of important

higher-mode effects. Torsional effects, very likely to be an important issue on the study
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of realistic 3-dimensional systems, were kept at a minimum by considering a near-

symmetric system.

The need for improving the definition of the seismic capacity of a structural system is a

complex problem, the solution to which is not addressed here. Also, the capacity

description considered in Chapter 4 was limited to a prescribed (but not uncommon)

definition. The performance level considered for providing member-sizing was unique

(i.e., collapse); it did not consider lower or multiple performance objectives, as a more

complete Performance Based Design would require.

The required input for failure-level based design or PSDA includes both capacity and

demand random variables. Typically one can model these by simple two-parameter

descriptions. Although sensible numbers were used for the dispersion quantification, the

estimation of this parameter was not addressed directly. A more in-depth study of the

sources of this dispersion, and an efficient means for its estimation is needed.
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Chapter 2

Spectral Shape Modification of Recorded

Ground Motion

2.1 Background.

For many parts of the world, including Eastern North America (ENA), there exists a

severe lack of available strong motion earthquake records, especially for moderate to

high magnitudes at a wide range of distances and for different local soil conditions. Even

in data-rich regions such as coastal California (CC), the need to have suites of

records representative of specific source-site characteristics often arises, e.g., for linear or

non-linear dynamic soil and structural analyses (e.g., Han and Wen, 1997;  Yeh and Wen,

1989). Therefore, records need to be "constructed". In ENA practice, theoretical synthetic

time histories are most commonly used today.  This chapter considers, in contrast, a

procedure to modify existing instrumental recordings with their often broader

inherent variability and ``rougher'' response spectra. The source-site characteristics that

have been considered here are magnitude-distance, and a given soil representation of the

site. 

The focus of both Chapters 2 and 3, with respect to the use of artificially generated time

histories, is not to represent ground motion with geophysically "correct" entities, but

rather to provide the engineer with a valid pragmatic tool for estimating the effects of

ground motion on the structure.
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With this in mind it can be said that any scheme for creating artificial accelerograms,

such as colored gaussian processes, spectrum compatibilized records, etc., for this

purpose, must be verified with respect to the responses they produce in structural models

beyond the simple linear SDoF oscillators associated with elastic response spectra. The

effectiveness of the method presented here is evaluated by a control case that uses

samples of real Coastal California records representative of a particular magnitude-

distance scenario, as representative of "reality". Records from other magnitude-distance

and site soil characteristics are used as seeds and then modified by the proposed method

to represent the scenario. Certain inherent characteristics of these original records, such

as the realistic non-smooth character of their response spectra, are to be maintained in the

artificial records generated. The comparison between the "artificial" (modified) records

and the real records is made through linear and nonlinear SDoF and MDoF structural

responses.  We conclude that the method works well for predicting the median ductility

demands of the scenario.  

As discussed in Chapter 1, current engineering practice and code recommendations for

the investigation of nonlinear structural demands are based on two elements: the use of a

design-basis response spectrum, and the selection of appropriate accelerograms that can

somehow represent the design spectrum. One method, for example, for finding adequate

accelerograms associated with a UHS consists of disaggregating the hazard into the

contribution of different scenario events (M,R) (e.g., McGuire, 1995; Bazzurro and

Cornell, 1999).  In terms of appropriate record selection, throughout this work only the

selection of scenario records will be considered.

The scarce character of earthquake records in many regions of the world can impose the

need to generate artificial earthquake records for scenarios considered.  This problem

arises frequently. What is attempted here is to provide a means for even employing

regional records that fall well outside the scenario event.
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The use of existing records is considered here, keeping from these some characteristics

that are of interest to non-linear dynamic analyses, such as the Fourier phase spectra, and

the non-smooth character of their elastic response spectra. Other more traditional

methods for generating earthquake records consider using smooth power spectra and

random phases (e.g., Boore, 1983), and/or smoothed response spectral shapes (e.g., Silva,

1987). Many engineers prefer, however, the use of real records, with their rough response

spectra, when conducting non-linear spectral analyses. 

2.2 Methodology.

The starting point for correcting records is to define an objective to which the resulting

artificial record or records will correspond.  The objective can be defined by a

magnitude-distance pair (M-R) and a soil type. Such objective is related to the scenario

event for which the analyst is interested in computing nonlinear structural responses.

A given real record, e.g., a seed, (in general) of different  M-R and soil characteristics

than that of the objective will be modified to meet the objective's features by means of a

(rough) target spectral shape associated to both the objective and the original record's

characteristics, by matching the response spectrum of the seed to it. 

The target response spectrum is generated by factor functions that correspond to two

levels of correction, the M-R correction, and the soil correction.  These factor functions,

when multiplied by the seed's response spectrum, generate the target response spectrum.

Note that for each candidate record to be modified there will be a different target

response spectrum to which it needs to be matched.
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2.2.1 Factor Functions.

Assume for the moment that there is no need for a soil correction. Magnitude-distance

factor functions can be obtained by means of available attenuation laws. Two median

response spectra are computed, associated with the M-R pairs of the objective and of the

seed.  The ratio of these is defined as the "factor function" for M-R correction (see Figs.

2.1 and 2.3). The response spectrum of the seed (jagged) will not equal the attenuation

law's calculated median spectrum (smooth), which is in accordance with the

observed record-to-record variability of spectral ordinates.  

The M-R factor function represents the systematic increase or decrease in the (predicted)

frequency content that the seed's response spectrum should have, had it had the

objective's M-R pair. Typically, for example, for a given distance, a higher magnitude for

the objective will generate a function than is higher than 1.0 in the lower frequencies,

which reflects the fact that high-magnitude events are richer in low frequency

content than are low-magnitude events. The opposite is true for a lower

objective magnitude (e.g., see Fig. 2.1b).  Also, for a given magnitude, a higher distance

in the objective causes a factor function to be lower than 1.0, more or

less homogeneously throughout the whole frequency range, reflecting the loss of energy

with distance in all frequencies of the earthquake signal. The following example

considers a seed lower in magnitude than the objective, but a shorter distance, such that

the overall required factor function is mixed: low frequencies will require amplification,

while higher frequencies will need to be reduced.

When the objective's soil type is the same as that of the seed's soil type the M-R factor

function obtained, when multiplied to the seeds' response spectrum, generates the target

response spectrum (see Fig. 2.1c).

The soil factor function can be obtained also by means of appropriate attenuation laws

that include soil types. If the objective soil type is "deep broad soil", for example, then

the corresponding factor function is computed from the ratio of the median response
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spectrum obtained by using the seed's M-R pair into the "deep broad soil" attenuation

law, to the median response spectrum obtained by using the same M-R pair, but using the

law corresponding to the seed's soil type, e.g. "rock".

Alternatively, site-specific soil factor functions can be used. The response spectrum of a

seismic signal that has traveled through a soil model can be computed from the time

history obtained by an analysis like that of SHAKE (Schnabel et al, 1972).  Such analyses

can be carried out on several records, for the same soil conditions (typically for a single

magnitude due to the systematical amplitude dependence), to obtain an average factor

function describing the amplification or de-amplification of spectral ordinates, caused by

the soil layer(s).  If the objective's M-R pair is precisely the same as the seed's M-R pair,

the target response spectrum is the soil factor function alone multiplied by the

seed's response spectrum.

In the case of using solely attenuation laws to generate the factor functions, one needs not

to generate separately both M-R and soil factor functions, but directly the one that

corresponds to both corrections simultaneously.

The use of such factor functions (obtained by attenuation laws, or average amplification-

de-amplification functions) will generate "rough" target spectra, since while the factors

themselves tend to be smooth (especially if attenuation-law-based), they will

be multiplied by the original (seed) record's "rough" response spectrum (see Figs. 2.1c,

2.3 and 2.5). These "rough" target spectra present close resemblance to their

corresponding seeds' response spectra. In other words, the seeds' spectra will only change

in shape to the extent that the predicted response (from the attenuation laws) spectra

differ from one another.
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2.2.2 Target Spectrum Matching.

The goal is to generate a time history that will have a response spectrum as close as

desired to the target spectrum.  Traditionally, the problem of forcing a record to have its

SDoF response spectrum equal another, usually smooth, response spectrum is called

spectrum compatibilizing or spectrum matching. There are available different algorithms

that modify the seed record either in the time domain (e.g., RSPMATCH, Abrahamson,

93), or in the frequency domain (e.g., SYNTH, Naumoski, 85; RASCAL, Silva, 1987).  A

more in-depth description of these methods will be presented in Chapter 3.

It is important to realize the role that the use to be made of the artificial time histories

plays in their generation. This is in accordance with the earlier mentioned statement that

what are sought are representative ground motion for non-linear structural response

prediction. One of these roles is the definition of the region of interest where the created

records' spectra will need to be more accurate. For the very basic case of the analysis

of lightly damped elastic SDoF systems such a region need not be more than only the

close vicinity of the structural frequency. Only a mere scaling of the seed records (e.g., to

the target level of spectral acceleration) will generate the same SDoF response. For a

linear MDoF system one must consider the higher modes of the structure (i.e., match also

higher frequencies), to the extent that these participate in the total response. For more

general non-linear MDoF systems, one needs to have a certain appreciation for where the

region of interest might be; the response of the structure might be mostly influenced by

the frequency of the softened first mode, so the region of interest is in the range

of frequencies lower than the fundamental frequency of the elastic structural counterpart.

The width of the range will be determined by the degree of "softening", that can

empirically be related to the level of non-linear displacement (in terms of ductility, µ)

caused by the record (Kennedy et al, 1984). The lower frequency, fµ, should be about

1/(µ)1/2 times the first-mode frequency, f0. Also, one might need to judge the level to

which higher modes contribute to the response, and also the effect of softening on these.

Current code recommendation for such a region of interest for time history analysis (e.g.,
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UBC, 1997) is a range of frequencies ranging from 3/2 f0 to 5 f0, where f0 is the

fundamental frequency of the structure to analyze.

The matching approach considered for this chapter was a frequency-domain one.

It modified the Fourier spectral amplitudes of an input seed record, while keeping its

phases. This approach generally creates artificial time histories that resemble the seed.

See Fig. 2.4 for example.  In order to keep the phases one applies to the signal a real-only

"transfer function" (i.e., with a zero-imaginary component), to rescale the fourier

amplitudes (without altering the phases).

In the examples presented below, the modification of earthquake accelerograms will be

done for the nonlinear dynamic analysis of structural systems with known elastic

properties (e.g., their elastic mode shapes and frequencies). For these cases one did not

need to have the spectra match perfectly the entire expected response spectra but rather

only sufficiently match the target in the region of interest, as discussed above.

Before the records can be used for non-linear dynamic analyses it is recommended that

they be baseline corrected, as one would expect a real record to be. It can be the case that

while correcting the original record one introduces low frequencies that cause the

displacement time history of the record to drift away from the origin, which is

not generally expected from a real (corrected) accelerogram.

Summarizing, the steps to follow for each record are:

• Given the objective's M-R pair, and also the M-R pair of the record to correct,

generate their median predicted response spectra, by means of an attenuation law, and

from their ratio find a factor function for M-R correcting (Fig. 2.1);

• Find a factor function for soil correcting, if necessary (Fig. 2.2);
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• From the product of the factor functions and the spectrum of the seed

record, determine the target response spectrum sought (see Figs. 2.1c , 2.3 and 2.5 for

examples);

• Define the region of interest, and spectrum-compatibilize the seed to have its

response spectrum match the target, in this region (see Figs. 2.4 and 2.5 for

examples).

2.3 Method Testing: Coastal California records.

The objective of this section is to verify that the method proposed works and to justify the

need for record modification in some cases, as well as to clarify the procedure.

Due to the abundance of records for different M-R scenarios it was convenient to make

use of Coastal California records. Several examples that modify such records are

presented.

By making use of a "control" set, the results that modified records produce were able to

be verified. As a first example an extreme case was considered. Records from large

magnitude earthquakes were modified to "represent" a particular scenario of a lower

magnitude. Real accelerographic records were available for the low magnitude scenario.

Non-linear runs were made on several SDoF and MDoF systems in order to verify the

results generated from the artificial records. Their results were compared to those

produced by the actual records, in order to establish the justification of the need to

modify the spectral shape.

A second example considered the correction of records from different M-R and soil

characteristics, which is usually the case the engineer will run into in practice.
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2.3.1 Extreme Record Modification.

All results were generated in a framework such that comparisons can be made to show

the effectiveness of the method. The non-linear runs were made after all the records were

normalized (scaled) setting their response spectra to have the same ordinate at an

appropriate reference frequency, which was taken here to be the fundamental frequency

of the considered structure (the records were re-normalized for each structure

considered).  This normalization procedure allows us to separate more easily systematic

differences in the non-linear response values due to the differences in response

spectral shapes and other characteristics of the records, as distinct from the large

differences in responses that arise from the "intensity'' of the records. Intensity was

defined by the response spectral ordinate at the reference frequency (Shome, et al, 1998;

Shome and Cornell, 1999).

To briefly illustrate this scaling we can look at the results from running a small suite of

six magnitude 7.0+ records before and after scaling to the median spectral acceleration at

the corresponding structural frequency.  The runs were done on two SDoF non-linear

systems  and Table 2.1 shows the median ductility demands (µm) and dispersion for the

systems.

The median (here, and throughout the work) is computed as the exponential of the

average of the natural logarithms, and σlnµ represents the standard deviation of the natural

logarithms of the results. Notice the obvious reduction in σlnµ in Table 2.1. The medians

are, however, not statistically different, implying that this normalization does

not introduce any bias. The smaller variability permits the use of fewer records to

estimate the median with a specified confidence, as pointed out in Chapter 1.

The control study involves choosing a target M-R scenario and, associated with this

scenario, a "bin" from which to take existing records.  Ideally the bin will have a narrow

range of magnitudes and distances centered on the scenario magnitude and distance.
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Higher magnitude records are generally richer in lower frequencies. See Figure 2.6a for

the response spectra of the six magnitude 7+ records, scaled to 1g at 4Hz. The stronger

low-frequency content of the selected records are expected to cause more damage to the

structure than the target bin records, because the structure behaves in an inelastic fashion,

thus reducing its effective fundamental frequency. This means that, in general, records

from the unmodified high magnitude bin will be more damaging than those of the target

bin (Fig. 2.6 b). In other words, the median ductility response is expected to be higher

(after the records have all been normalized to the same intensity), which justifies the need

for the correction (Fig. 2.6 c).

For the first Coastal California cases there will be a low magnitude (Mw = 5.3) scenario

as a target, and a high magnitude range (7.0+) is selected for records to be corrected. The

reason for this selection is to show that characteristics of  records from different M-R

pairs can indeed cause different nonlinear demands in the system and that this distinction,

if significant, should be corrected.  A large difference1 (almost two units) was selected to

maximize this difference and hence challenge the method to the extreme.

The systems that were analyzed correspond to a set of SDoF models of different natural

frequencies (1.0, 2.5, 4.0 and 10hz), and two different MDoF structures (low and high

fundamental frequency). The low frequency MDoF model corresponds to a 5-DoF model

of a 1hz 5-story steel special moment resisting frame. The high frequency MDoF model

corresponds to a 5 DoF model of a 4hz nuclear power plant. See Appendix 2.A.1 for

more information on structural details.

The target was chosen to be Mw = 5.3, at 20km, on deep soil. The spectral amplitude

(i.e., at the reference frequency, f0) for the analysis of the 5-DoF, f0 = 4Hz, system was

deliberately chosen to be relatively high (4.35 g) relative to the strength of the structure

to show the possible high reduction in non-linear demands caused by the correction. A set

                                                
1 Shome and Cornell (1999) have shown that the difference in displacement may not be great unless the
magnitude difference is large. He suggests about 10% difference per unit magnitude.
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of records that were considered to generate the control statistics was selected from a

narrow bin associated with the target (see Table 2.2).

For the high magnitude records three earthquakes (average magnitude 7.3) were chosen

from the database, also for deep soil. Both components were considered, which do not

have the exact same spectral shapes but are corrected by the same factor functions since

they come from the same (M, R) pair (see Table 2.3).

Remember that the difference in the average magnitudes was high; the difference was

intentionally chosen to be large in order to test the method as severely as possible.

Note that since the soil types of the objective and the original records are the same, there

is no need in this case for a soil factor function to be used. The factor functions were

generated using Coastal California attenuation laws (Abrahamson and Silva, 1997).

The overall suppression of the relatively strong low-frequency upon modification is

apparent by comparing Figs. 2.6a and 2.6b. The effect in time-domain can be seen for

one record in Fig. 2.4. Notice, however, that the method can not provide alteration for

typical time-length differences of the different scenarios (corresponding to that of the

seed and objective).

2.3.1.1 Nonlinear Demand Statistics.

The large magnitude (seed) records were first run through the structures

(after normalizing) without modification, and then run in their modified versions.

Structural response was measured in terms of ductilities (interstory and roof) and

normalized hysteretic energy (interstory and global). See Appendix 2.B for the definition

of these measures. It will be seen that, as desired, the modified version set was able to

predict the displacement-based results of the target bin records. Also, the modified

records showed a lower response compared to the unmodified set, due to the suppression
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of the richer low frequencies.  Results were not, however, satisfactory for the energy-

based response prediction.

First let us look at the displacement-based response results for the single degree of

freedom systems (all systems have 5% damping) (Table 2.4, (a) through (c)).  For all

cases, statistics corresponding to the scenario (b) were satisfactorily obtained from the

runs for the modified versions of the records (c), showing the spectral-shape-induced

reduction from the unmodified versions (a).

For the different systems (e.g., 1Hz through 10Hz), different spectral ordinates were

considered to which the records were normalized, as well as different structural designs

(i.e., yield displacements). The higher frequency systems were designed with lower

resistances such that the lower portion of their frequency region of interest overlapped

more or less with the lower portion of the frequency region of interest for lower

frequency structures.  Due to the frequency range of interest, spanning from f0 to the

nonlinear-demand-related "softened" frequency (i.e., fµ = f0 / µ1/2 ), the higher frequency

systems' ductility demands were more noticeably reduced. This was achieved by scaling

the records to higher intensities for higher frequency systems. Table 2.4 shows the

demand statistics obtained for the various systems.

The same observations can be made for the results from the two MDoF cases studied

(1Hz and 4Hz), for the global ductility measure, as well as the maximum interstory

ductility (Table 2.5):

In table 2.5 we can see that the median ductilities are reduced by the use of the

modification procedure and that they match within the error of estimation that the

real records present. The reductions (fluctuating around 20%) are consistent with the

typical magnitude-dependent differences of about 10% per unit magnitude, as reported by

Shome (1999).
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In terms of normalized hysteretic energy (NHE), tables 2.6 and 2.7 compare the responses

obtained from the large magnitude unmodified records, the objective records' results, and

the modified version of the large magnitude records. As can be seen, the reduction is

small, relative to the results shown by the target bin records. The much reduced values

that the objective records yield indicate that spectral shape modification does not allow to

correct for energy related measures. The difference in magnitude also induces a

difference in average record durations (on the order of 35 seconds for our selection of

high magnitude records and 15 seconds for the low magnitude records; again, the large 2

unit magnitude difference was selected to maximize this difference). Presumably, the

number of nonlinear excursions is not adequately reduced by the correction, but perhaps

only the amount of (high) energy dissipation of just a few large response cycles is

reduced, causing only an overall insufficient decrease in NHE response.

2.3.2 Mixed-Characteristic Available Records.

More generally, only records from a variety of M-R pairs and soil characteristics different

from the objective ones will be available. To illustrate this case six records were selected

from a wide range of magnitudes and distances, as well as for different soil conditions

(deep soil, and rock).  The objective was selected for a M-R scenario of Mw=5.55, and R

= 12.5km, on deep soil, represented by five real records from a narrow bin with ranges

Mw [5.3, 5.7] and R [12.6, 16.9 ]kms.  This M-R scenario was run for both MDoF

structures using both the 6 modified records and the 5 actual recordings in order to

compare the results.  Attenuation laws for both soil and rock were available (Abrahamson

and Silva, 1997) from which the factor functions were generated. The records to correct

are listed in Table 2.8.

The difference in characteristics of the records with respect to the target can be revealed

by close inspection of the factor functions generated.  Some are flatter than others, some

suppress frequencies in the lower ranges, and some amplify them, as expected for a
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comparison made for records of various properties.  Figure 2.7 shows different factor

functions for the two extreme magnitudes in the set (M = 5.2 and M = 6.9).

Once the records were modified, the non-linear structures were subjected to them and the

following statistics were obtained. Comparisons for global (top story) ductility and

maximum interstory ductility statistics are made.

As can be seen in the numbers presented in Table 2.9 there is no statistically

significant difference between the median response estimates using the real bin

records and the modified records.

It is worth mentioning that for the particular set of available records for correction, the

results for the unmodified records and the modified records produced very similar results.

One possible reason for this is the relatively small softening region, which renders both

normalized sets to be very similar. It can be mentioned that the values obtained for the

Normalized Hysteretic Energies were virtually identical, for the both systems considered.

2.4 Recommendations and Observations.

The method of "correcting" a record proposed here has proven to be effective for the

creation of an "artificial" earthquake time history which can be associated to a

("objective") M-R pair and soil type different from its own. The usefulness of the method

lies in the fact that the generated time history can produce ductility demands in non-linear

SDoF and MDoF systems similar to those real records of the objective M-R pair and soil

type produce. The correction of the record is done to match a (rough) target

spectrum which is constructed with a (smooth) factor function, which represents

the expected change in spectral shape as indicated by the difference in M-R pairs and soil

types. The factor function is multiplied by the original record's (rough) response spectrum

to obtain the sought-after target.
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In general one might use conventional, iterative spectrum-matching algorithms for this

purpose. The spectrum-matching that was performed for this chapter was simpler. It used

the factor functions as  "transfer functions" applied to the Fourier amplitudes of the seed's

record, not touching the phases. The modified records' spectra were satisfactorily close to

the targets. One might consider this simply as the first step in a conventional

iterative procedure. As suggested by Silva, 1987, the fast convergence noted here might

be related to the fact that the compatibilization was made to an atypical "rough" spectrum

by means of a "smooth" factor function. Such spectrum was not strongly different in

shape from the seed's own response spectrum, as opposed to the usual practice of trying

to compatibilize to a smooth spectrum (e.g., a design spectrum from a building code).

Unfortunately, for some cases, not presented here, results of compatibilizing to the

correction targets can be unsatisfactory. This can true, for example, for the important case

of low magnitude seeds with weak low frequency content and/or small duration that are

to be used for modification to high magnitude scenarios with rich low-frequency content.

The results may be very unusual in their (time domain) appearance and potentially also in

their effect on structures; such effect was not tested here. In the Eastern U.S. one may be

forced to use as seeds low magnitude records which may have these characteristics.

However, this is especially true when compatibilizing to a smooth target shape that has

very marked different spectral characteristics.

It is important to consider the high-pass filter frequency used in processing the records to

be used as seeds. Typical lower cut-off frequencies can be as low as 0.2Hz, but higher

frequencies, as high as 1Hz, should not be surprising to find in published accelerographic

catalogues (e.g., Silva, 1999). Any actual frequency content below or even close to these

filter-related frequencies (depending on the "windowing" scheme), usually presents a

large noise-to-signal ratio.  For these cases, perhaps  hybrid correction schemes can be

proposed, where the low-frequency portion of the to-be-modified record is simulated and

not taken directly from the seed.
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A possible improvement to the method, which was not tested, includes considering the

deviation (e.g., in terms of number of standard deviations) of each ordinate of the original

record's response spectrum with respect to the median response spectrum predicted by the

attenuation law. As will be seen in Chapter 3, these deviations from the median spectral

ordinates define the global shape of the record.  It will also be seen that the scatter of

such global shape in a collection of records has an effect on the median ductility that they

produce on a nonlinear system. The scatter of global shape in the available set of records

can then be altered (or preserved, if needed) by use of appropriate target response spectra,

based on corresponding M-R factor functions.. This may be useful for correcting a suite

of records that do not particularly meet required statistical properties (for example, if all

to-be-modified records from a bin, are lower than the predicted attenuation shape). As

will be discussed in Chapter 3, such anomalies in the modified set may produce biased

estimates of median response. For example, if we have a set of records that are

particularly low with respect to their predictions, we would want to consider a higher

version of the factor function correction, than the one that the simple objective-to-seed

prediction spectra can produce.

A limiting characteristic of the procedure is that the duration may not be modified; the

duration can be associated with magnitude (rupture size) and distance (wave dispersion).

This might limit the applicability of the results to those response measures that are not

sensitive to the duration of the record, e.g., ductility demands and Park-Ang-type damage

indices (e.g., Park, et al, 1985) with heavily-weighted ductility participation. In particular,

normalized hysteretic energy measures were not successfully predicted for the cases

studied here.

The principal goal of the procedure was to obtain a means for the prediction of median

displacement-based nonlinear responses.  The "rough" character of the spectral shapes of

the records involved may also play an important role in the prediction of response

variability statistics. How well these were reproduced here is not clear due to the very

limited sample sizes; the statistical uncertainty in standard deviation estimates is large

relative to that in the median. Future work should consider the application of record
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correcting or ground motion simulation schemes that will allow the reliable prediction of

this important statistic.



CHAPTER 2. SPECTRAL SHAPE MODIFICATION OF RECORDED GROUND MOTION.

27

Chapter 2 Figures.
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Figure 2.1a The "seed" record will be modified to a particular "objective". The amount of modification will

be established by means of appropriate attenuation laws. In this figure, the relative shapes of the seed ( e.g.,

an "earthquake" of  M=7.3 at R = 88.5km) and objective (e.g., an "earthquake" of M = 5.3 at R = 20km)

response spectra are computed by predictive spectral shapes as per Abrahamson and Silva (1997) (both

seed and objective correspond to Western North America events, rock sites)
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Figure 2.1b. The ratio of the predicted objective response spectral shape to the predicted seed response

spectral shape yields the "Factor Function". This function, when multiplied by the actual response spectrum

of the seed record, generates the "target" response spectrum to which the seed needs to be matched. It

represents the modification that the seed-record's response spectrum will be subjected to. This example

corresponds to the ratio of the predicted spectra shown in Figure 2.1a (Western North America seed and

objective, rock sites).
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Figure 2.1c. The multiplication of the factor function by the seed's response spectrum yields the "target"

response spectrum to which the seed record need to be modified. The seed corresponds to a seismic event

with M=7.3, R = 88.5km. The modified shape corresponds to an "objective" of M = 5.3 and R = 20km.
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Figure 2.2a. Factor function for soil-only modification. This example corresponds to a Western North

America site, for a fixed M = 7.0 and R=20Km, where the objective is "deep soil" and the seed corresponds

to "rock". Attenuation law by Abrahamson and Silva (1997).
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Figure 2.2b Factor function for soil-only modification. This example corresponds to an Eastern North

America site (Savannah River) for which a site-specific amplification study was carried out (for near high-6

magnitudes) (Lee, 1996).
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Figure 2.3. Response spectrum of the original (seed) record and the ("rough") target spectrum resulting

from multiplying by the net factor function. For this example, the soil factor function was taken as that of

Figure 2.2b, and the M-R factor function considered a seed of M = 6.8 at 8kms, and an objective of M =

5.85 at 27.5kms (note that such an objective for this case should overall reduce the frequency content).
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Figure 2.4: Keeping the phases of the seeds causes the modified records to "look like" their parents, at least

with respect to the time-variation of intensity. This example shows a Mw 6.0 at 43.1 km record, modified

to a Mw 5.85 at 27.5 km target. The site-specific soil factor function depicted on Figure 2.2b is also

applied. Clearly, high-frequency content has been reduced, due to the change in magnitude.
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Figure 2.5: The response spectrum of a corrected record corresponding to a seed of Mw = 7.3 at 88.5 km

modified to an objective: Mw = 5.3 at 20km, shows a good resemblance to the expected ("rough") spectral

target shape.

10
−1

10
0

10
1

10
2

10
−2

10
−1

10
0

10
1

frequency [Hz]

S
a 

[g
]

High magnitude uncorrected records

Figure 2.6a. Unmodified M7+ Coastal California records, normalized to 1g at 4Hz. The damping

corresponds to 5%. The high magnitude shows stronger low-frequency content than low magnitude

records; compare to Figure 2.6b.
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Fig 2.6b. Control low magnitude bin records (representative of the M = 5.3 objective), ranging from M =

5.2 to M = 5.4, from Coastal California. The damping corresponds to 5%. Records are normalized to 1g at

4Hz. Notice the weaker low-frequency content, with respect to the larger M = 7+ magnitude records in Fig.

2.6 1.
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Fig. 2.6c. Seed records (M = 7+ records) modified to objective characteristics (M=5.3 R = 20 km). Records

are normalized to 1g at 4Hz. (The damping corresponds to 5%). Compare to the real low magnitude records

in Fig. 2.6.b.
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Figure 2.7. Factor functions for the highest magnitude record in the set (M = 6.9) as well as for the lowest

magnitude (M = 5.2). Notice the suppression of the low frequencies for the former, as well as the increase

in content of low frequencies for the latter.
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Chapter 2 Tables.

Un-normalized   Normalized

4Hz 1Hz 4Hz 1Hz

µm 7.65 3.27 7.95 3.44

σlnµ 0.64 0.80 0.37 0.44

Table 2.1 Nonlinear demands for normalized and un-normalized bin records. Note the reduction in

dispersion for the normalized case, while the median ductility is virtually the same.

Event Date Mw R [Km]

Imperial Valley 10/15/79 5.2 15.0

Coalinga 6/11/83 5.3 10.5

Hollister 1/26/86 5.4 16.9

North California 6/7/75 5.2 29.9

Whittier Narrows 10/4/87 5.3 12.6

Table 2.2. Coastal California target bin records for control statistics (low magnitude records).

Event Date Mw R [Km]

Landers 6/28/92 7.3 88.5

Cape Mendocino 4/25/92 7.1 44.6

Kern County 7/21/52 7.4 120.5

Table 2.3. High Magnitude records for Coastal California.
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a) Unmodified Records (average Mw ~ 7.3)

Statistic 1Hz 2.5Hz 4Hz 10Hz

µm 3.33 6.70 8.63 17.90

σlnµ 0.45 0.24 0.48 0.37

b) Real Records from Target Bin

Statistic 1Hz 2.5Hz 4Hz 10Hz

µm 2.49 4.40 5.43 10.50

σlnµ 0.31 0.43 0.55 0.64

c) Modified to Objective: Mw = 5.3, R = 20Km

Statistic 1Hz 2.5Hz 4Hz 10Hz

µm 2.72 4.78 5.67 11.13

σlnµ 0.42 0.15 0.32 0.65

Table 2.4 Nonlinear ductility demand statistics from SDoF systems. (a) High magnitude bin (seeds), (b)

target bin records, and (c) seeds modified to objective. For all different systems we can see the clear

reduction in ductility demands caused by the correction ((a) vs. (c)), and a reasonable prediction of the

median ductility demand as indicated by the results of the real records (b). Indeed, the medians of the two

last sets are not statistically significantly different ((b) and (c)).  It can also be pointed out that even though

there appears to be a big difference in the observed standard deviations (across frequencies, and across

record set results), the variability of this statistic can in fact be large (e.g., differences of 100%),  for the

small sample sizes considered here.
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a) Unmodified Records (average ~ 7.3)

Statistic 1Hz 4 Hz

Global Max.

interstory

Global Max.

interstory

µm 3.18 6.03 7.55 14.85

σlnµ 0.39 0.50 0.43 0.34

b) Real Records from Target Bin

Statistic 1Hz 4 Hz

Global Max.

interstory

Global Max.

interstory

µm 2.39 4.12 5.54 12.84

σlnµ 0.18 0.20 0.37 0.21

c) Modified to Objective: Mw = 5.3, R = 20Km

Statistic 1Hz 4 Hz

Global Max.

interstory

Global Max.

interstory

µm 2.65 4.84 5.69 12.68

σlnµ 0.27 0.43 0.41 0.25

Table 2.5 Nonlinear ductility demand statistics ( global and maximum interstory) for two MDoF systems

(4Hz and 1Hz). (a) High magnitude bin, (b) target bin records, and (c) modified records.
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a) Unmodified Records (average Mw ~ 7.3)

Statistic 1Hz 2.5Hz 4Hz 10Hz

ΝΗΕm 9.89 38.20 72.75 253.03

σlnNHE 0.43 0.56 0.81 0.72

b) Real Records from Target Bin

Statistic 1Hz 2.5Hz 4Hz 10Hz

ΝΗΕm 3.66 13.08 17.14 57.10

σlnNHE 0.73 0.76 1.04 0.89

c) Modified to Objective: Mw = 5.3, R = 20Km

1Hz 2.5Hz 4Hz 10Hz

ΝΗΕm 7.21 23.32 42.96 156.98

σlnNHE 0.41 0.40 0.65 0.89

Table 2.6 Normalized Hysteretic Energy (NHE) response statistics from SDoF systems. NHEm represents

the median value, and σlnNHE the standard deviation of the logarithm. The required reduction is not obtained

by the proposed correction scheme.
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a) Unmodified Records (average ~ 7.3)

Statistic 1Hz 4 Hz

Global Max.

interstory

Global Max.

interstory

ΝΗΕm 20.01 52.24 29.04 222.90

σlnNHE 0.53 0.67 0.71 0.61

b) Real Records from Target Bin

Statistic 1Hz 4 Hz

Global Max.

interstory

Global Max.

interstory

ΝΗΕm 8.92 19.60 15.89 101.72

σlnNHE 0.37 0.41 0.59 0.64

c) Modified to Objective: Mw = 5.3, R = 20Km

Statistic 1Hz 4 Hz

Global Max.

interstory

Global Max.

interstory

ΝΗΕm 19.04 43.69 25.44 184.88

σlnNHE 0.48 0.60 0.62 0.49

Table 2.7 Normalized Hysteretic Energy (NHE)  response statistics for two MDoF systems (1Hz and 4Hz).

NHEm represents the median value, and σlnNHE the standard deviation of the logarithm. The required

reduction is not obtained by the proposed correction scheme.

Event date Mw R [Km] site

Coalinga 6/11/83 5.3 9.7 rock

San Fernando 2/9/71 6.6 29.1 rock

Loma Prieta 10/18/89 6.9 36.1 soil

Coalinga 5/2/83 6.4 27.7 rock

Hollister 1/26/86 5.4 16.9 soil

North California 9/22/52 5.2 39.3 soil

Table 2.8. Western U.S. selected records, from mixed M-R characteristics.
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Mixed-characteristic records modified to objective

Statistic 1hz 4hz

Global Max.

interstory

Global Max.

interstory

µm 2.76 4.65 2.18 4.45

σlnµ 0.54 0.57 0.3 0.27

Real records from target bin (M = 5.55, R = 12.5)

Statistic 1hz 4hz

Global Max.

interstory

Global Max.

interstory

µm 2.66 4.68 2.05 4.33

σlnµ 0.4 0.5 0.33 0.25

Table 2.9. Nonlinear ductility demand statistics for two MDoF systems (1Hz and 4Hz) from modified and

real records.
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Appendix 2.A: Structural details

The structural properties for the MDoF systems considered in Chapter 2, corresponding

to the 4Hz and the 1Hz structures are shown below.

Figure 2.A.1 Structural model of the (stick) MDoF systems considered. The model represented either a

5DoF, 4Hz nuclear power plant (concrete shear walls) or a 5DoF, 1Hz SMRF. See Tables 2.A.1 and 2.A.2

for the properties assigned.

System floor M

 [kips

s2/in]

K [kips/in] de [in]

4Hz 5 17.10 1.85E+04 0.18

4 40.20 1.13E+05 0.07

3 48.80 1.83E+05 0.07

2 47.90 4.14E+05 0.04

1 61.00 6.47E+05 0.02

Table 2.A.1a. Structural properties for the 4hz system. It represents a reinforced concrete nuclear power

plant. Inoue (1990). The hysteretic model considered a pinching loop, with a post-yield slope of 3% that of

the elastic slope (elastic stiffness).
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System floor M

 [kips

s2/in]

K [kips/in] dy [in]

1Hz 5 0.24 5.88E+01 0.68

4 0.58 3.10E+01 0.68

3 0.58 8.10E+01 0.83

2 0.58 7.20E+01 0.91

1 0.58 1.86E+02 0.6

Table 2.A.2 Properties for the 1Hz system. It represents a SMRF.  The hysteretic model considered a

bilinear elasto-plastic system, with a yield slope of 3% that of the elastic slope (elastic stiffness).
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Appendix 2.B: Structural Response Definitions.

The seismic demands of the systems mentioned above are both displacement and energy-

related ones. The emphasis, however, is on the former, in the normalized version, for

both top story (roof) ductility and maximum interstory ductility (for the MDoF systems).

The definition of the measures used are as follows:

2.B.1. Interstory (Displacement) Ductility, µµµµi.

It is defined as the maximum interstory displacement of a MDoF system divided by the

yield displacement of the corresponding interstory:

y
i u

u max||
=µ

where |u|max is the maximum interstory displacement, and uy is the corresponding

interstory's yield displacement. The subindex i denotes interstory.

2.B.2. Global Ductility, µµµµg.

This parameter corresponds to the ductility of the top story's total displacement,

normalized by the yield displacement obtained by means of a static nonlinear analysis

(pushover analysis):

gy

roof
g u

u ||
=µ
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where |u|roof  is the maximum roof displacement (relative to the base), and ugy is some

representative global yield displacement, obtained from the tangential intersection of the

elastic branch and the strain-hardening branch of a force-deformation curve from the

pushover analysis. The subindex g denotes global.

2.B.3. Normalized Hysteretic Energy, NHEI.

This parameter is defined as the cumulative energy absorbed per interstory, normalized

by some measure of the elastic strain energy in the interstory:

yy

i

yy

jcycle
N

j
i uF

HE
uF

duF
NHE == �� =

)(
1

where N is the number of response cycles, F is the varying interstory shear force (as a

function of the corresponding interstory displacement u), and Fy is the interstory yield

shear force corresponding to the interstory yield displacement uy. The hysteretic energy

dissipated per interstory is denoted by HEi..  The subindex i denotes interstory.

2.B.4. Global Hysteretic Energy, NHEg .

The global hysteretic energy was defined in terms of all interstory  hysteretic energies

(HEi) , by considering their addition normalized by the global yield displacement, ugy (as

defined in the global ductility, above):

gygy

floorsall i
g uF

HE
NHE

�
=
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where Fgy is the global shear force present at the value of ugy. The subindex g denotes

global.
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Figure 2.1a The "seed" record will be modified to a particular "objective". The amount of

modification will be established by means of appropriate attenuation laws. In this figure,

the relative shapes of the seed ( e.g., an "earthquake" of  M=7.3 at R = 88.5km) and

objective (e.g., an "earthquake" of M = 5.3 at R = 20km) response spectra are computed

by predictive spectral shapes as per Abrahamson and Silva (1997) (both seed and

objective correspond to Western North America events, rock sites) ................................ 27

Figure 2.1b. The ratio of the predicted objective response spectral shape to the predicted

seed response spectral shape yields the "Factor Function". This function, when multiplied

by the actual response spectrum of the seed record, generates the "target" response

spectrum to which the seed needs to be matched. It represents the modification that the

seed-record's response spectrum will be subjected to. This example corresponds to the

ratio of the predicted spectra shown in Figure 2.1a (Western North America seed and

objective, rock sites).......................................................................................................... 27

Figure 2.1c. The multiplication of the factor function by the seed's response spectrum

yields the "target" response spectrum to which the seed record need to be modified. The

seed corresponds to a seismic event with M=7.3, R = 88.5km. The modified shape

corresponds to an "objective" of M = 5.3 and R = 20km.................................................. 28

Figure 2.2a. Factor function for soil-only modification. This example corresponds to a

Western North America site, for a fixed M = 7.0 and R=20Km, where the objective is

"deep soil" and the seed corresponds to "rock". Attenuation law by Abrahamson and

Silva (1997). ...................................................................................................................... 28

Figure 2.2b Factor function for soil-only modification. This example corresponds to an

Eastern North America site (Savannah River) for which a site-specific amplification

study was carried out (for near high-6 magnitudes) (Lee, 1996). ..................................... 29

Figure 2.3. Response spectrum of the original (seed) record and the ("rough") target

spectrum resulting from multiplying by the net factor function. For this example, the soil

factor function was taken as that of Figure 2.2b, and the M-R factor function considered a

seed of M = 6.8 at 8kms, and an objective of M = 5.85 at 27.5kms (note that such an

objective for this case should overall reduce the frequency content). .............................. 29
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Figure 2.4: Keeping the phases of the seeds causes the modified records to "look like"

their parents, at least with respect to the time-variation of intensity. This example shows a

Mw 6.0 at 43.1 km record, modified to a Mw 5.85 at 27.5 km target. The site-specific soil

factor function depicted on Figure 2.2b is also applied. Clearly, high-frequency content

has been reduced, due to the change in magnitude. .......................................................... 30

Figure 2.5: The response spectrum of a corrected record corresponding to a seed of Mw =

7.3 at 88.5 km modified to an objective: Mw = 5.3 at 20km, shows a good resemblance to

the expected ("rough") spectral target shape..................................................................... 31

Figure 2.6a. Unmodified M7+ Coastal California records, normalized to 1g at 4Hz. The

damping corresponds to 5%. The high magnitude shows stronger low-frequency content

than low magnitude records; compare to Figure 2.6b....................................................... 31

Fig 2.6b. Control low magnitude bin records (representative of the M = 5.3 objective),

ranging from M = 5.2 to M = 5.4, from Coastal California. The damping corresponds to

5%. Records are normalized to 1g at 4Hz. Notice the weaker low-frequency content, with

respect to the larger M = 7+ magnitude records in Fig. 2.6 1............................................ 32

Fig. 2.6c. Seed records (M = 7+ records) modified to objective characteristics (M=5.3 R

= 20 km). Records are normalized to 1g at 4Hz. (The damping corresponds to 5%).

Compare to the real low magnitude records in Fig. 2.6.b. ................................................ 32

Figure 2.7. Factor functions for the highest magnitude record in the set (M = 6.9) as well

as for the lowest magnitude (M = 5.2). Notice the suppression of the low frequencies for

the former, as well as the increase in content of low frequencies for the latter. ............... 33

Figure 2.A.1 Structural model of the (stick) MDoF systems considered. The model

represented either a 5DoF, 4Hz nuclear power plant (concrete shear walls) or a 5DoF,

1Hz SMRF. See Tables 2.A.1 and 2.A.2 for the properties assigned. .............................. 40
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Table 2.1 Nonlinear demands for normalized and un-normalized bin records. Note the

reduction in dispersion for the normalized case, while the median ductility is virtually the

same................................................................................................................................... 34

Table 2.2. Coastal California target bin records for control statistics (low magnitude

records).............................................................................................................................. 34

Table 2.3. High Magnitude records for Coastal California............................................... 34

Table 2.4 Nonlinear ductility demand statistics from SDoF systems. (a) High magnitude

bin (seeds), (b) target bin records, and (c) seeds modified to objective. For all different

systems we can see the clear reduction in ductility demands caused by the correction ((a)

vs. (c)), and a reasonable prediction of the median ductility demand as indicated by the

results of the real records (b). Indeed, the medians of the two last sets are not statistically

significantly different ((b) and (c)).  It can also be pointed out that even though there

appears to be a big difference in the observed standard deviations (across frequencies,

and across record set results), the variability of this statistic can in fact be large (e.g.,

differences of 100%),  for the small sample sizes considered here................................... 35

Table 2.5 Nonlinear ductility demand statistics ( global and maximum interstory) for two

MDoF systems (4Hz and 1Hz). (a) High magnitude bin, (b) target bin records, and (c)
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NHEm represents the median value, and σlnNHE the standard deviation of the logarithm.

The required reduction is not obtained by the proposed correction scheme. .................... 37

Table 2.7 Normalized Hysteretic Energy (NHE)  response statistics for two MDoF

systems (1Hz and 4Hz). NHEm represents the median value, and σlnNHE the standard
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Table 2.A.1a. Structural properties for the 4hz system. It represents a reinforced concrete

nuclear power plant. Inoue (1990). The hysteretic model considered a pinching loop, with

a post-yield slope of 3% that of the elastic slope (elastic stiffness). ................................. 40

Table 2.A.2 Properties for the 1Hz system. It represents a SMRF.  The hysteretic model

considered a bilinear elasto-plastic system, with a yield slope of 3% that of the elastic
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Chapter 3

Spectrum Matching

3.1 Introduction.

This chapter investigates the validity of using spectrum-matched accelerograms for the

estimation of seismic nonlinear structural demands. Their use should be tested in terms of

the efficiency and the accuracy of the demand estimates they produce. This investigation

assumes a given seismic scenario (i.e., given a magnitude and a distance, by means of a

representative spectral target shape). Unlike Chapter 2, this chapter focuses on the use of

a single (smooth) target spectrum, and will not address different contexts for the use of

spectrum compatible records, such as spectral shapes defined by uniform hazard spectra

(UHS).

The use of spectrum matched records for the estimation of nonlinear structural response

has become increasingly widespread in the past 15 years. Its origins arise from the

inability of traditional response spectral analyses to be used to estimate maximum

responses of linear systems, for which a time-integration scheme was deemed more

appropriate (Preumont, 1983). The use of spectrum matched accelerograms as surrogates

for actual recorded ground motion is attractive for multiple reasons.  It is generally

accepted that they are able to produce results that present relatively lower dispersion,

such that they can more efficiently allow the estimation of seismic demands. This is an

important benefit, especially for nonlinear analyses that can be highly computer

intensive. Modern codes recognize this fact and allow for their use (e.g., UBC, 1997).
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Another good reason for their use is simply the scarcity of recorded ground motion for

many regions in the world (Léger, 1994).

The use of spectrum compatible records has been common for different nonlinear

systems. Examples can be found in Barenberg (1998) and in Mayes (1990) for bridge

structures; Naeim (1995) presents results for a base-isolated building; results for a soil

column can be found in Ostadan (1996). It should be mentioned that the level of

satisfaction of the results obtained by different authors has not been constant. Different

warnings have been published in terms of the accuracy of the results and the efficiency

that the use of spectrum compatible accelerograms can offer. In terms of efficiency, for

example, Preumont (1984) recognizes the variation on demands that accelerograms

matched to the same target may produce.

Naeim (1995) indicates the possibility that spectrum matched records may yield highly

conservative results. It compares results from spectrum matched accelerograms to a small

suite (6 seeds and 2 components) of real records scaled to represent a particular code-

based smooth design spectrum, for a base isolated building. Barenberg (1989) presents

results for SDoF oscillators of frequencies ranging from 1 to 10Hz, and concludes that

results may be unconservative for high frequency systems (f0 > 5Hz). He also compares a

single spectrum-matched record to results generated from actual recorded ground motion

(a small suite of 8 records), appropriately scaled to envelop a code-based design

spectrum.

It is important, however, to put the results obtained by these different authors in the

context in which they were generated. As mentioned above, in contrast to other studies,

this chapter considers the use of spectrum matched records for obtaining representative

demands corresponding to a particular M-R seismic event. We found that for this

particular case the use of spectrum matched accelerograms may yield unconservatively

biased estimates of nonlinear ductility demands.  It was also found here that a possible

underlying reason for such bias can not be effectively used in generating accelerograms

that produce unbiased estimates of median response, but that the observed systematic bias
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can be used to correct, or de-bias such observed estimates. Another important finding is

the fact that the nonlinear demands obtained do indeed present a significant reduction in

dispersion, which allows the use of a substantially smaller suite of accelerograms (of the

order of 1/4 the size of an actual recorded ground motion suite) for estimating the median

response.

This chapter does not discuss the validity of artificial ground motions as geophysical

representative entities. Their inspection is from an engineering point of view in terms of

their ability to predict observable effects of interest on civil structures, as would actual

recorded ground motions. In other words, the use of spectrum compatible records is only

a simulation tool, with the purpose of determining expected seismic induced responses to

actual situations.

As mentioned above, also not considered is the use of spectral targets that are not

scenario specific (e.g., a code design spectrum, or a uniform hazard spectrum). It is

important to mention that the near-source phenomenon was not considered here. The

systems studied here do not consider degradation in resistance, including degradation

arising from considering P-∆ effects.

The organization of the chapter is in two main parts. The first part, sections 3.2 through

3.5, discusses spectrum compatibilization in general, and presents empirical results for

SDoF systems as well as for MDoF systems. The second part, sections 3.6 through 3.8,

deals with the understanding of the aforementioned unconservatism present in the

estimation of ductility demands by the use of the spectrum matched accelerograms.

3.2 Spectrum Compatibilization.

Spectrum Compatible Records (SCR), also known as Spectrum Matched Records, are

artificially generated time histories of ground motion acceleration (or other relevant
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parameter, e.g., velocity) whose response spectral shapes are equal within a prescribed

tolerance (i.e., "compatible with" or "matched to") to a predetermined "target" spectrum.

The iterative generation of such an artificial accelerogram can be done in many ways, but

the different schemes can be separated into two major groups: Frequency-Domain- based

(FD), and Time-Domain-based (TD) compatibilization or matching. These

characterizations are related to the domain in which the modification or alteration of a

record (including all iterations) is conducted. The first-step iteration will use an

accelerogram, itself being from an actual recording or artificially generated as well. The

initial record to use is typically designated as a seed record.

3.2.1 Frequency Domain Compatibilization.

Available Frequency-Domain techniques for the generation of artificial accelerograms

associated to earthquake response spectra have existed for many years. An early

proposition, which is still somewhat popular today, is utilized by the computer code

SIMQKE (Gasparini, et al, 1976); it is based on the relationship between expected

response spectral values and the spectral-density function of a random process

representation of ground motions. This relationship is derived from analytic random

vibration theory (RVT) techniques (Vanmarcke, 1976). A seed record is generated as a

simulated realization of this random process, and subsequent iterations are conducted in

the frequency domain.

In Chapter 2, the modification of existing earthquake records was discussed. In that case,

the target spectrum depended on the response spectrum of the record itself (i.e., all

records were matched to different seed-specific targets). There, the described

modification technique is a simple one, based on scaling the record's Fourier amplitude

spectrum by a smooth "factor function" which is computed by finding the ratio of the

predicted response spectrum of the target scenario event to the predicted target of the

seed event. The main difference between this method and the one used in that chapter is
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the fact that there (Chapter 2) the target spectrum (unique for each record to be modified)

is a "rough" spectrum, whose shape is not strongly different to the seed's rough spectrum,

and hence the convergence was fast. Compatibilization, as done in practice in general,

involves a smooth target, which differs in shape strongly from the rough spectra of the

seeds.

The Frequency-Domain method utilized in this chapter is coded in the computer program

RASCAL (Response Spectra and Acceleration Scaling) (Silva, 1987). It is a semi-

empirical procedure, which evolved from RVT-based techniques, with the additional

(empirical) utilization of the observed Fourier phase spectrum of a real ground motion

recording (as done in the simplistic approach of Chapter 2). The RASCAL procedure

modifies the Fourier amplitude spectrum of a seed record in two stages, and the

convergence is very quick, requiring typically two to four iterations.

In the first stage, the factor function applied to the Fourier amplitude spectrum is a

smooth one, generated by the ratio of the RVT-predicted expected smooth response

spectrum associated to a Brune-based source spectrum (Boore, 1983) to the target

response spectrum. Such generated factor function is then used to modify the Brune

Fourier amplitude spectrum. This product is taken as the Fourier amplitude spectrum of

the first iteration for a number of predefined iterations. The use of this smooth factor

function provides for a more stable convergence, especially during the stage where the

amplitude spectra are iteratively modified the most.

The Brune source spectrum considered is that of the so-called ω-squared model:
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where ωc is the corner frequency (related to the seismic moment and the stress drop).

This basic form is then modified to include the radiation pattern, the amplification due to

the free surface, high frequency filtering, and the path attenuation (Boore, 1983).

In the second stage, the factor function is based on the observed (jagged) response

spectrum (computed in the time domain) of the current iteration's time history (which is

generated from the current amplitude spectrum and the seed's phase spectrum). A

different prescribed number may also be assigned for the iterations in the second stage.

3.2.2 Time Domain Compatibilization.

Even though the target used as the criterion for generating the artificial accelerogram is

based on what looks like a frequency representation (i.e., the target response spectrum),

such a representation indicates a (maximum) response that occurred in time.

Time-Domain schemes, such as the one utilized in this study, take advantage of the

previous fact, working in a backward approach to modify the time-specific event of

maximum response (e.g., the maximum observed acceleration of an oscillator). The basic

idea of such time-domain modification of earthquake records assumes that the time of the

peak response will not be perturbed by adding a small adjustment to the original time

history. This way, the observed response is modified to that of the indicated value given

by the response spectrum, taking care of the observed difference between it and the

accelerogram's actual observed maximum response.

Sets of "adjustment functions" are then found iteratively, correcting the accelerogram at

all the corresponding frequencies of the target, requiring the solution of simultaneous

equations to find the amplitudes of the adjustment functions. Two good properties of the

procedure are its fast convergence and the ability to conserve for most cases the non-

stationary character of the seed time history, provided that the adjustment functions are

appropriately selected.
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A good choice for the adjustment functions that allows the method to be more efficient

(i.e., introducing the minimum change to achieve the maximum possible required change)

than the frequency domain schemes (since the added adjustment is not constant in time)

includes the (reversed) impulse response function of the SDoF oscillator, associated to

the period and damping needed to be modified (see Preumont, 1984, for a discussion of

this method and for more references on compatibilization). The method used in this study

(based on Lilhanand and Tseng (1987)), coded in the computer program RSPMATCH

(Abrahamson, 1993), uses a different adjustment function type, that of a tapered cosine,

to improve the correction for high periods:

)||())(cos()( jj ttt
jjj ettttf αω ∆+−−∆+−= (3.2)

where tj is the time at which the maximum response occurs for the jth spectral mismatch;

∆t is the time delay between the maximum of fj (t) and a peak in the response of fj(t), and

αj is a frequency-dependent term that controls the effective time duration of fj(t), that

helps preserve the non-stationary character of the reference time history.

As with frequency domain based methods, adjustment factors are applied iteratively until

the desired matching criteria are met.

3.3 Systems Studied.

Based on the results of Foutch and Shi (1998), considering many different hysteretic

types was not deemed important in this study. In their study it was concluded that the

effects on seismic displacement demands in 2-D building frames, are not importantly

affected even if the hysteretic models for the nonlinear point hinges introduced to capture

member behavior are varied widely. For this study we considered two almost extreme

types of basic hysteretic energy absorbed per loop: a bilinear type (large hysteretic loops),
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and a pinching type (small hysteretic loops). Figure 3.1 shows a schematic of the types

considered.

The range of fundamental frequencies studied spans from 0.2 Hz to 5 Hz, in more or less

equally spaced intervals in logarithmic scale. The first set of structures to be analyzed is

represented by single degree of freedom (SDoF) systems, for both the bilinear and for the

pinching hysteretic types.  For each structural frequency three basic designs were

generated: high, medium and low ductility, approximately, µD = 8, 4, and 2, respectively.

The designs were made by modifying the yield displacement of the corresponding system

(e.g., 1Hz), such that the median ductility observed was of the level desired (e.g., µD = 4).

Also considered are simple models of base-isolated structures. The equivalent

representation for a base isolated SDoF system is done by means of the nonlinear SDoF

oscillator mounted on an additional degree of freedom representing the isolation-system.

For this case, the superstructure considered is of a unique (fixed-base) dynamic

frequency, and the isolator is designed to cause a period shift of around 2.5 seconds. This

simple model corresponds to a typical elastomeric bearing. The isolator is modeled by a

bilinear spring.

Simple multi-degree of freedom (MDoF) systems are also analyzed, represented by

several five-lumped-mass stick models, for frequencies ranging from 0.25 Hz to 4Hz.

Interstory springs of both hysteretic types described above are used to approximate the

building behavior, only for the 1Hz system.

Finally, two 2-dimensional frames are analyzed, representing a 1Hz 3-story fixed base

steel moment resisting frame (SMRF), and the same system base isolated, on a friction

pendulum.

See Appendix 3.B for structural details of the systems considered.
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3.4 Target Spectrum.

All systems were analyzed firstly with a set of 63 real records, with characteristics in the

vicinity of a hypothetical scenario of M = 7.0 and R = 20km. The suite of records

selected were primarily (44 records) in the range of magnitudes from M = 6.7 to 7.3

(moment magnitude), and distance from R = 10 to 30kms (closest distance to the rupture

zone). These correspond to California soil sites with Geomatrix soil classification B, C or

D (which correspond generally to class C or D as per FEMA-273, 1996).

An additional 19 records, somewhat outside the aforementioned bin range, were also

included, for enhanced statistical robustness. As discussed in Appendix B, the inclusion

of these additional records has minimal impact on results, and does not affect the results

presented in this chapter. See Appendix 3.A for the description of the recorded ground

motion used.

The structural analysis runs corresponding to the unmodified original records generated

what is considered to be the answer to the question: "What are the observed statistics

(e.g., median and coefficient of variation) of seismic structural response (e.g. maximum

interstory ductility), corresponding to a nonlinear system at a stiff soil site, excited with

accelerograms from a given event (of magnitude 7.0± and distance 20± kms)?"

The justification of working with a bin of records is that one may want to measure the

response of a structure to a "scenario" event, of a particular magnitude and distance. Such

an event might be, for example, the characteristic event on the main nearby fault. Also,

these bin records represent samples of a specific event, and it makes sense to consider the

median responses, which include the elastic ones (i.e., the median response spectrum) for

such an event. The use of exactly 63 records does not come from a specific necessity, but

because it is the number that was available for use.



CHAPTER 3. SPECTRUM MATCHING.

54

The object of using spectrum compatibilized records is to reduce the variability of the

results, and hence permit the estimation of the demands in a more efficient way, by

allowing a reduced number of runs in order to obtain the same confidence. Traditional

use of spectrum matched records employs a target spectral shape not always directly

linked to a particular set of real recordings (e.g., a UHS) (or, more precisely  to their

response spectra).

The natural choice for the target spectrum to which to match the set of original records is

the median1 spectral shape. Such shape is defined by the locus of median spectral

accelerations at each frequency, for a particular damping level of interest. Justifications

for this selection are multiple:

• The response statistics sought include a central tendency measure (e.g., the median),

hence a representative "centralized" shape is searched for. This is in contrast to a

shape that would seek to cause the compatibilized records to directly estimate a

different statistic, e.g., an 84th percentile. In particular, our  objective is to estimate

the median response of the systems studied. Such a statistic is the required input to

Probabilistic Demand Analysis (see, for example, Chapter 4). The median spectral

shape corresponds as well to the median responses of  SDoF elastic systems, so this

measure is consistent.

• The natural choice of a spectral shape associated to an event comes from the use of an

appropriate attenuation law, which would give us the expected median (as described

                                                
1 Strictly, what is called median throughout this work corresponds to the geometric mean, which is
computed as the exponential of the mean natural logarithms of the values of interest (e.g., spectral
accelerations, displacements, etc.). If we denote n-observed values by xi the we can write the median, xmed,
as:
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The geometric mean is a logical estimator of the median for data that are at least approximately
lognormally distributed, an assumption to be verified.
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above) spectral accelerations for all frequencies. This shape should theoretically

coincide to the median shape of an extremely narrow bin, with a very large number of

records.

• The traditional treatment of the distribution of the value of spectral acceleration is to

treat its logarithm as Gaussian, as can be seen in numerous published attenuation laws

(e.g., Abrahamson and Silva, 1997) (also, different authors have confirmed the

validity of modeling the nonlinear response as lognormal, for example,  Song (1999)).

That makes the natural choice for a single frequency's representative value that of the

median. An alternative possible selection for a representative shape could be that of

the average (i.e., the arithmetic mean at each frequency). The disadvantage of this

shape would be that it is "frequency-dependent" in that the shape would change for

each different structural frequency selected. An ideal shape should not depend on the

structure, allowing the use of a single set of compatibilized records to be used to

study all systems. The advantage then of using the median shape is obvious,

rendering it structure-independent.

• In this work, as done in the work of other authors (e.g., Shome, 1999) a typical

representation of the median response (e.g., maximum interstory ductility) as a

function of spectral acceleration is a linear one in logarithmic terms (of both Sa and

response).  This treatment also causes the set of records that will cause a higher-than-

median response to be approximately equal in number to the set that will cause a

lower than median response.

• In practice, the design spectrum considered for a scenario event is the median shape

(NUREG (1997), U.S. DOE (1994), etc.).

Notice that the intention is to be able to generate more efficiently the response statistics

by means only of considering a particular spectral shape as a target to compatibilize to.

One may find reasons to believe that the matching of any seed should be done not only in

a spectral-shape sense, but could also be done with respect to other parameters that can be
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linked to the earthquake time history (e.g., the time-distribution of energy, etc.).

Matching objectives of strong ground motions other than spectral shape are considered to

be beyond the scope of this work.

Following the previous bulleted discussion it is then considered that the best spectral

shape to choose, as a target spectral shape, is that of the median shape of all records. As

will be discussed in subsequent subsections, this shape can be improved, but was taken as

the shape to which all records were compatibilized to (i.e., all records were taken as seeds

for compatibilization to this target).

Once the different systems were analyzed to the set of the original records, the results are

compared to those generated by the artificial ground motions in order to establish the

implications of using the latter as appropriate surrogates for determining the desired

estimations. As will be seen in the following section, the results that spectrum matching

(to the proposed target) yields are unconservatively biased for the prediction of

displacement-based responses, yet present a very useful reduction in their dispersion with

respect to the results that unmodified records produce.

3.5 Nonlinear Seismic Demands.

The seismic demands of interest are both displacement and energy-related ones. The

emphasis, however, is on the former. Specifically in the normalized versions, for both top

story (roof) ductility, and maximum interstory ductility (for the MDoF systems). We

believe that the systems considered are representative of those used in practice, and that

they are sufficiently broad in characteristics to draw some general conclusions. One may

need, however, further research in order to extend any conclusion drawn here to consider

other cases not considered here, such as P-∆ driven systems, near-source phenomena, etc.

 The definition of the measures used, repeated from Appendix 2.B, are as follows:
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1)  Interstory ductility, µI

y
i u

u max||
=µ (3.3)

where |u|max is the maximum interstory displacement, and uy is the corresponding

displacement at first yield. The subindex i indicates interstory.

2) Global ductility, µg

gy

roof
g u

u ||
=µ (3.4)

where |u|roof is the roof displacement (relative to the base), and ugy is some representative

global yield displacement, obtained from the tangential intersection of the elastic branch

and the strain-hardening branch of a force-deformation curve obtained by means of a

static nonlinear analysis (pushover).

3) Normalized hysteretic energy2, NHEi
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where N is the number of response cycles, F is the varying interstory shear force (as a

function of the corresponding interstory displacement u), and Fy is the interstory yield

                                                
2 The precise definition of this measure is not critical for the purposes of this study, and any variation
should not affect our conclusions. This normalized measure permits the comparison across different
systems (e.g., SDoF vs. MDoF, etc.).
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 shear force corresponding to the interstory yield displacement uy. The hysteretic energy

dissipated per interstory is denoted by HEi..  The subindex i denotes interstory.

4) Global hysteretic energy, NHEg

gygy

floorsall i
g uF

HE
NHE

�
= (3.6)

where Fgy is the shear force present at the value of ugy.

The different cases studied intend to represent different possible situations for typical

structures, in terms of hysteretic type, and design level (level of ductility). Since the real

records' results are to be considered the "control" set, the level of yield displacement for

each structural model was varied, such that the median responses for the different

systems corresponded to nominal ductility values of approximately 2, 4 and 8. The

designs were made first for the bilinear systems, and the yield displacement for each of

these designs was taken intact to be considered for the corresponding (same nominal

design level) model of the pinching hysteretic system. This is reflected in median

responses that are not exactly at the same levels of ductility for both hysteretic types, at

the same nominal design level (compare the observed median ductilities for the same

nominal design levels, of tables 3.1a and 3.1b.).

3.5.1 SDoF Results.

The response results for the SDoF systems subjected to the 63 original records from this

magnitude 7+ and 20+ km distance bin are shown in Tables 3.1a and 3.1.b, for the

different structural frequencies. The response statistics presented correspond to the

estimate of the median (µm = exp(�(ln(µ)) / n) ), and the standard deviation of the natural
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logarithms (defined as [�(lnµ - lnµm)2 / (n -1)]1/2). Tabulated results are presented in three

pairs of columns, one pair for each different design (as described previously).

We can make some observations on Tables 3.1a and 3.1b. Notice that a representative

standard deviation of the natural logarithm of ductility demands, for the original bin-

records, is around 0.8. This means that the standard error of the logarithm of  the median

estimates of ductility (for both hysteresis types) is roughly 0.8 / (63)1/2 ≈ 0.1

(approximately equal to the coefficient of variation of the ductility). In the case of the

normalized hysteretic energy, NHE, the standard error of the estimate of the median is a

little higher at around 1.2 / (63) 1/2 ≈ 0.15 for the bilinear hysteresis, and a little lower ( ≈

0.12) for the pinching systems. Although these were "representative" values (for the

entire set) one can notice a small frequency dependence, especially at high deformation

levels, of the scatter of ductility demand. The dissipated NHE for the pinching-type

systems is roughly half that of the bilinear systems.

Tables 3.2 through 3.3 Figures 3.2 through 3.9 show the results of using the

compatibilized version of the same 63 records compared to those that the unmodified

version produced. We define here bias as the ratio of the original records' median

(ductility or NHE) to the modified records' median. Therefore, a larger than unit bias

implies that the spectrum compatibilized version of the records produce an

unconservatively biased estimate of the median. Next to the biases, the reduction of

dispersion is presented, defined by the ratio of the standard deviation of the natural

logarithm of the original records' results and those of the compatibilized records.

A graphical representation of the above results can be made in the form of contour plots,

representing the bias and dispersion ratios as a function of nominal-design ductility and

frequency. Figures 3.2 and 3.3 show the corresponding plots related to ductilities in tables

3.2 and 3.3. These plots show in a compact way the effect of using spectrum matched

records vis-à-vis the use of the set of original records, for the various systems analyzed

and for the several designs (low to high resistance) considered. The plot on Figure 3.2a-ii
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is a "slice" of the contour plot shown in Figure 3.2a-i, which corresponds to the variation

of bias across structural frequencies for the bilinear-hysteresis model.

A result of presenting the results in such a way is the consistent unconservative ductility

bias of the compatibilized records' results vis-à-vis those of the original records. One can

argue that for an individual set of results (e.g., 1Hz, bilinear, frequency-domain

matching), the difference between the median value caused by the compatibilized records

and that of the original records is not statistically  significant, due to the large standard

error of this difference (which can reasonably be approximated by the dominant standard

error of the original records' results alone). However, the direction of the bias is

consistent throughout the frequency domain and the design domain. As can be seen,

although the bias may not be too high (e.g., typically ranging from 1.1 to 1.2), it is

unconservative and should be accounted for, for all cases, especially for ductility levels

higher than 4. Notice that the tendency is for the bias to increase as the ductility in the

system increases.

These observations are not applicable to the estimation of the median NHE's, where

consistent bias is not apparent, and may be neglected. The larger values of their standard

deviations as well as the oscillating-about-unit bias (i.e., sometimes conservative and

sometimes unconservative) make them really be not significantly statistically different.

Figures 3.4 through 3.5 show the corresponding contours.

As mentioned earlier, a great benefit of the use of spectrum matched records is the large

reduction in scatter. Such a reduction (typically of 3 to 4 for bilinear system ductilities

and NHE for both hysteretic types, and even higher, 5 to 6 for the pinching system

ductilities) in the values of the standard deviation of the logarithms signifies the

possibility of a more efficient estimation of the median. By equating the SEE for both

cases, considering that we are interested in estimating the median with the same

confidence, the reduction in the sample size caused by the reduced dispersion is equal to

the square of the reduction in dispersion. Similar to the bias contour plots, the following
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plots represent the variation of the reduction of the standard deviation of the logarithms

of the original records' results with respect to those of the compatibilized records.

There seems to be no clear relationship between the dispersion reduction and the

oscillator frequency or level of design (µD). In general terms the observed reduction can

be summarized by values approximately ranging from three to four for ductility, for the

bilinear systems, and ranging from five to six for the pinching systems.  Also,

representative values for the reduction of dispersion in normalized hysteretic energy

(NHE) for all systems approximately ranges from three to four.

3.5.2 MDoF Results.

The MDoF systems considered in this section are divided into fixed-base and base-

isolated systems. For both cases, examples for simple stick models as well as more

complex 2-D frame models are presented.

3.5.2.1 Fixed Base Systems.

The simplistic SDoF cases presented in the previous section are not unique in presenting

a biased estimate of the median displacement demands. The MDoF systems studied here

present the same order of bias measure as well as the same order of dispersion reduction.

In other words, the "bad" news and the "good" news are consistent as the modeling of the

systems become more detailed. In particular one would like to identify the role that the

presence of important higher modes has in the estimation of demands via the use of

compatibilized artificial records.

The 5 degree-of-freedom stick models represent an original 1Hz planar ductile SMRF

designed for UBC Zone 4 at a Los Angeles site. The representative parameters for the

simplified 1Hz model are taken from Shome, et al., 1998. In order to analyze the

influence of varying the structural fundamental frequency, without necessarily modifying
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the relative higher mode frequencies, the bilinear system's masses were scaled such that 3

different systems were considered: 0.25Hz, 1Hz, 4Hz. The original 1Hz system was also

modified to represent the other hysteresis type considered for the SDoF systems , i.e., the

pinching model, keeping the same force-deflection backbone.

The MDoF designs were kept fixed; the multiple ductility levels were obtained by scaling

the records used for the SDoF cases, with pre-fixed factors (e.g., 1, 2, 5 and 8) in order to

cover ductility ranges similar to those of the SDoF cases (at least for maximum interstory

ductility in the 1Hz case). Tables 3.4 through 3.7 show the corresponding relationships

between the original sets' results and the compatibilized sets' results.

Notice the similarity of results with respect to bias and dispersion reduction with those

generated by analyzing the SDoF systems, although a little larger biases for interstory

ductilities. Typical biases, at least for ductilities larger than 4, are greater than 1.2 for the

bilinear systems, and just slightly lower (1.1 to 1.15) for the pinching systems. The level

of bias seems to increase with the ductility level for the interstory ductilities of the

bilinear systems, and for both interstory and global ductilities for the pinching systems.

The results for the 1Hz pinching system show very large reductions in ductility

dispersions, even higher than 6, for global ductilities above 3.

One might argue that the simplicity of the MDoF model may hide effects that more

detailed models may present. At a third level of detail, a 1-Hz two-dimensional frame

was analyzed. The system corresponds to a SAC  structure, a 3-story SMRF ductile 1Hz

system. It was taken from Barroso, 1999 (the computer runs were also made by L.

Barroso, on a Matlab-platform nonlinear dynamic analysis code, whose results were

demonstrated to be compatible with DRAIN-2D analyses). Table 3.8 summarizes the

results for the different 1Hz- first mode dominated systems, and as can be seen, results

are consistent for all cases. (Note: the results of ductility levels are not to be compared

directly, only the presence of unconservative bias and dispersion reduction. The designs
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of the SDoF and stick MDoF 1Hz modelswhich do not represent each other do not

represent that of the two-dimensional frame either)3.

3.5.2.2 Base Isolated Systems.

As mentioned earlier, also of interest are other kinds of non-linear systems considered in

practice: those representing base isolated-structures.  Firstly, we analyze a base-isolated

1Hz super-structure (i.e., would be 1Hz if its base were fixed) modeled by considering a

2DoF representation. The simple model represents a 1Hz ductile (bilinear) system on an

elastomeric bearing base isolation system. The design is typical of what is done in

practice (Mayes, 1998). The lateral resistance of the superstructure was set to 12% of its

weight (a representative criterion for non-near fault designs). The design of the isolation

system was such that there was a period shift of the response (i.e. of the superstructure

responding in conjunction with the isolator) of around 1.5 seconds. (for this case, this

corresponds to an isolated period of Tb = 2.5 T0,  or  Tb/T0 = 2.5)

The simplistic design assumed an additional mass at the base of the (SDoF)

superstructure equal to a fraction α of its own. Combining both masses, the stiffness of

the bottom spring can be solved for (assuming only for design purposes a rigid

superstructure and base), yielding an isolation stiffness of:

2
0)//( TTK bb α= . (3.7)

                                                
3 For comparison purposes, since the design was taken intact from Barroso, 1999, the bin original records
considered were scaled such that they presented the same median spectral acceleration at the fundamental
frequency of vibration of the structure (1Hz). This scaling does, however, maintain the relative dispersions
of all spectral accelerations. The results from Barroso, 1999, for the structure, subject to the record set
constructed by Sommerville (1997) are as follows:

Ductilities and Standard deviations of the log.
record set µi σln(µ) µg σln(µ)

scenario (Ch. 3) 4.6 0.6 2.9 0.83
SAC 2% in 50 4.6 0.45 2.9 0.61
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This corresponds to the required stiffness of the isolator once it has yielded (i.e. the post

yield slope of a bilinear force-deformation curve). A typical value of the initial elastic

slope of the isolator system (corresponding to the stiffness of the lead core) of 8 times the

above computed isolation stiffness was considered. For our example, this  corresponded

roughly to 1.7 times the superstructure's stiffness. The yield force of the isolation system

was set to 5% of the total weight, also typical for non-near source conditions. In order to

have some point of comparison with known SDoF results, it can be said that the initial

(un-yielded) system vibrates at a fundamental frequency of 0.78Hz. Table 3.9

summarizes the results of having run the 2DoF system with the original 63 records and to

the corresponding frequency-domain-based compatibilized records.

It is to be noted that the particular design of the isolation considered above rendered the

superstructure undamaged (in terms of displacement ductility) as normally desired (the

superstructure corresponded to that of the SDoF's µD= 2 design). There may be cases

where different combinations of isolated and superstructure period as well as relative

yield levels, might cause nonlinearity (even high levels) in the superstructure, where bias

may be observed too. The point to be made in this experiment is the presence of bias in

the results generated by the use of spectrum matched records of the isolation's

nonlinearity. These findings are consistent with the results observed for fixed-based

nonlinearly behaving systems, i.e., bias around 1.2 for ductilities higher than 4, and

dispersion reductions of 3 to 4. However, the reduction of dispersion is also present,

consistent too with previous reductions observed, permitting a more efficient study of the

response statistics for this kind of structural systems.

A more detailed base isolated structural model was also considered. It corresponds to the

same two-dimensional detailed SMRF considered above, isolated in this case with a

friction-based pendulum system (FPS), itself more complex in behavior (e.g., it has a

velocity dependent dynamic coefficient of friction) than the previously considered
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isolation system. The system was taken from Barroso4, 1999 (and run by her as well, with

the same Matlab-based program). The isolated system's period corresponds to a period of

3.1 seconds (a FPS based isolation system's period depends on the radius of curvature of

the concave interface the curvature provides the restoring force). See Barroso, 1999 for

details on the bearing's parameters. It is worth mentioning that the elastic (pre-nonlinear)

vibration frequency of the system is exactly the same as that of the elastic superstructure's

fundamental frequency, because there is no relative displacement in the interface before

sliding occurs. This fact forces the results of the demands on the isolator to be presented

in terms of (un-normalized) displacements, for cross-comparison of original to

compatibilized records' results. Table 3.10 shows the results obtained for this system,

which are compatible with all results shown.

Once again it can be said that the presence of unconservative bias of the predicted

nonlinear structural demands can be noted, as was for all systems previously considered,

and that there is as well a similar reduction in dispersion.

3.6 Understanding the Effect of Spectral Matching on Bias.

The results shown in the previous section seem to be very consistent with each other,

regardless of the degree of modeling detail, hysteretic type, or matching technique. This

calls for decomposing the effect of spectral compatibilization, or to identify the

constituents of the differences between the two sets of records (original and

                                                
4 As done for the fixed base MDoF two-dimensional model of the SMRF, the results of scaling the bin
records to the same median spectral acceleration than the 2% in 50 year level SAC records are presented in
comparison in the following table:

Ductilities and Standard Deviations of the log.
record set d [in] σd µi σµi µg σµg

scenario (Ch. 3) 10.1 0.92 1.8 0.58 1.15 0.61
SAC 2% in 50 15.2 0.54 1.8 0.44 1.2 0.57
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compatibilized) and their effects on seismic demands. The focus in this section is on

displacement demands. We shall look both at the "intensity" of the record and at the

"shape" of its spectrum, locally and globally.

It is known (Shome, et al, 1998) that a prime contributor to the prediction of the level of

nonlinear displacement demand is a record's level of a relevant spectral acceleration, e.g.,

that at the fundamental frequency of the linear structure. In a statistical sense, the better

the relationship (e.g., the higher the coefficient of correlation, for a linear relationship)

between the dependent variable (e.g., logarithm of the spectral acceleration) and the

independent variable (e.g., logarithm of ductility) the lower dispersion there will be in the

observed response given a particular ground motion intensity level. (See Shome et al,

1998, for a discussion on the selection of a good dependent variable). In the following

section, the spectral acceleration at the fundamental frequency of the structure to study (at

the first mode damping, 2%) will be used (it is a better selection than, for example, the

peak ground acceleration).

Shome, et al, 1999, discusses the validity of normalizing a set of ground motion records

for the purpose of estimating the median nonlinear response of a structure to such a set of

records with the advantage of observing a reduced dispersion. Normalization refers to

scaling each record in the set to a particular intensity level (e.g., Sa(f0), where f0 is the

elastic fundamental frequency), the same for all records. Typical reductions in response

dispersions are 40% to 50%. The previous scheme translates into the ability of using a

smaller number of records to estimate with the same degree of accuracy such a

centralized tendency measure (i.e., the median). Shome (1999) also found that knowledge

of an additional spectral ordinate away from f0 permitted further dispersion reduction.

For the experiments with spectrum-matched records that were shown in the previous

sections, it was seen that there was a much higher dispersion reduction than the one that

could be obtained by this normalizing of the records. By definition, spectrum matching

involves normalization not only to a particular Sa(f0) value (the median), but also to all Sa

values within the domain of frequencies in the target response spectrum. In other words,
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one can think of spectral matching as, first, a normalization at the fundamental

frequency's spectral acceleration, and second, the adjusting of the remaining spectral

accelerations to the target, i.e., matching the spectral shapes of all the records. Following

the previous paragraphs' discussion, the additional dispersion reduction must come from

considering in the records' modification the inclusion of spectral shape.

It is important then to quantify spectral shape, the effect of it on observed seismic

demands, and its content in each of the records. The following sections will address this

subject. Section 3.6.1 will dissect the elements that compose shape in real records, and a

statistical relationship will be studied in order to link these elements with response. Then,

section 3.6.2 will isolate and study such elements with the use of spectrum matched

accelerograms. This will lead to an attempt to correct the bias (section 3.7) and to offer an

explanation of the introduction of bias that these accelerograms show, in section 3.8.

3.6.1 Spectral Shape and Intensity Effects in Nonlinear Seismic

Displacement Demands (Using M-R Bin Records).

By analyzing the results that were generated from the unmodified bin records (see section

3.5), this section will associate the inherent elements of the records' different spectral

shapes with the demands that they produced.

A notion that will be very helpful in understanding the effect of spectral shape in seismic

displacement demands is that of nonlinear effective period. It helps to define the lower-

end of frequencies of interest on the spectral shape one should focus on.

Design procedures for isolation systems consider a target design displacement that the

system should withstand, associated to a period computed with an effective stiffness, Ke,

defined as the ratio of the maximum force (Fu) in the system to the maximum (nonlinear)

displacement, du, (Mayes, 1989; FEMA-273, 1996). The effective period is then

computed with the total mass, m, of the system and the corresponding effective stiffness:
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Te = (m /Ke)1/2. The intention of utilizing such measures is to recognize the change in

dynamic response once the linear limit has been exceeded. In other words, the purpose is

to understand the limits of the range of frequencies to which the nonlinear oscillator

becomes sensitive. In terms of considering SDoF elastic representations, the adjusted

expected demand for a given design spectral shape, is computed with the spectral value

(Sa, Sv, or Sd) corresponding to the effective period (see Fig. 3.10).

Following the same reasoning, we have assigned the following definition of expected

effective period of a nonlinear system (where the nonlinearity is not necessarily

associated to isolation, but to the inelastic properties of all elements in the system),

associated to an observed ductility demand. For an elasto-perfectly-plastic system (i.e., Fu

= Fy, for all du ≥ dy, see Fig. 3.10), the maximum displacement can be defined by the

ductility demand as du = µ dy. We compute the elastic period as:

2/1
00 )/( KmT = (3.8)

Thus, considering the less rigid effective stiffness, we can compute the effective period

as:

2/1
0

2/1
0

2/12/1 )/())//(()/( µµµµ ∗===== TKmdFmKmTT yyee (3.9)

where Ke = Fu / du = Fy / du = Fy / (dy µ). The notation of the subindex of Tµ indicates that

the effective period of interest is directly related to the level of ductility µ.

Having established the effective period of the nonlinear maximum response, our focus is

on the value of a record's spectral acceleration associated with such a period (which is

longer than the elastic fundamental period). For example, the spectral acceleration of

interest corresponding to an elastic period of 1sec (T0 = 1.0sec or f0 = 1.0Hz), which

observes a ductility demand of 4.0, should be related to a period of 1.0sec*4.01/2 = 2.0

sec. In terms of the completely analogous effective frequency, fµ, the previous spectral
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acceleration of interest is associated to fµ = f0 / µ1/2 = 1.0Hz/2 = 0.5Hz. For the sake of

consistency and clarity, the following discussions will be in terms of frequencies alone,

and no longer in terms of period. (See Kennedy, et al, 1985, for another discussion on the

concept of effective frequency).

It is not solely the fundamental frequency and the lower nonlinear effective frequency

(associated to the maximum demand) we should be interested in, but the range of

frequencies the system responds to as it "softens" (i.e. as its effective frequency

decreases) while undergoing higher nonlinear displacements.  However, only these two

extreme values (f0 and fµ) will be used here in the representation of spectral shape.

Overall, the effects of spectral shape are considered in two parts, global shape effects and

local shape effects, as described as follows:

• "Global Shape" effects (GS): such spectral shape effects come from considering the

relative values of the range of spectral ordinates between the effective frequency, fµ,

associated with the maximum expected nonlinear displacement in the system, and the

initial elastic frequency, f0. In particular, for a given ground motion record, such an

effect will be predicted here by the ratio of the difference in spectral accelerations at

those two frequencies. (The spectral shape considered here is only in the lower-than-

elastic frequency range (i.e., f0 � fµ)). The global-shape can be thought of as the

intensity that the record presents at fµ (e.g., the spectral acceleration at fµ, or Saµ)

relative to the intensity at the elastic frequency, f0, (e.g., the spectral acceleration at

the elastic fundamental period, Sa0), i.e., the ratio Saµ / Sa0. This simple notion will be

refined below, however.

• "Local-Shape" effects (LS): These consider the variation of spectral shape

immediately adjacent to the spectral acceleration at the fundamental elastic

frequency, f0. In contrast to the global shape effect, this is the effect of the variation

or "jaggedness" of the spectral shape locally. For example, one might define an

indication of a local "peak" when the value of the response spectral acceleration (at
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the fundamental frequency) decreases for immediate lower values of frequency (if the

spectral acceleration also decreases also for higher frequencies, then locally the

spectral shape is indeed at a maximum).

In addition to the intensity of a record (e.g., the spectral acceleration at f0, or Sa0), one can

consider two ground motion record characteristics associated with the previous effects as

parameters that help to predict observed seismic displacements. We will study their

effects independently in the following sections.

In a first attempt to quantify the characteristics that predict global-shape and local-shape

effects (relative to the intensity effects), the following parameters were defined, to

characterize each record belonging to the set of original (unmodified) M-R bin ground

motions.

1) Normalized shape ratio, RGSµ, to be considered for the global shape (GS) effect. For

each record, this parameter was defined as the ratio of (a) the quotient of the record's

moving average spectral acceleration at fµ (called here SaMAµ) divided by its moving

average spectral acceleration at f0 (or SaMA0) to (b) the quotient of the target's (i.e. the bin

median value) spectral accelerations at these two frequencies (Saµm, and Sa0m

respectively):

mm

MAMA
GS SaSa

SaSa
R
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0

/

/

µ

µ
µ

= (3.10)

The subindex µ in RGSµ denotes the implied level of softening, in other words, the range

of frequencies considered (i.e., from f0 to fµ). The introduction of the moving average is to

smooth the jagged response spectrum of the record, to remove the possibility of having a

pronounced value at either f0 or, and to capture the general trend of the record's shape.

Notice that the division by (Saµm/Sa0m) makes this parameter normalized with respect to a

particular global spectral shape, in this case that of the median shape (used as the target to
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which the records were compatibilized). Therefore, records with RGSµ > 1 have global

shapes that are "stronger" in this frequency range than a "typical" record. The selection of

the window size to produce the moving average is subjective. The response spectra of the

records were computed at 100 equally spaced frequencies in logarithmic space, ranging

from 0.2Hz to 25.0Hz (i.e., corresponding to increasing frequencies around 5% higher

than the previous one); and the windowing considered 4 of these points (or roughly

frequencies at 20% higher values from the previous one), in order not to smooth the

response spectrum too much, nor to leave it too jagged. See Figure 3.11 for a description

of the quantities involved in this ratio and the ones to follow.

2) Local-Shape ratio, RLS, to be considered for the local shape (LS) effect. With respect to

the same moving average described above, this parameter was defined here as the ratio of

the actual spectral acceleration Sa0 to the moving average spectral acceleration at f0.

00 / MALS SaSaR = (3.11)

The purpose of this parameter is to try to identify the effects of the spectral shape being

locally above or below the smoother moving average spectrum. Notice that a value of RLS

considerably higher than unity most likely determines the presence of a local  "peak" (i.e.,

the spectral shape tends to locally decrease with lower frequencies) and a value lower

than unity is likely related to the presence of a local "valley" (i.e., the spectral shape tends

to locally increase with lower frequencies). Of course, the window size will affect the

relative size of the local-shape ratio.

3) Intensity ratio, RSaMA0. In order to distinguish the above shape parameters from each

record's general intensity, a record intensity parameter was defined here as:

mMASaMA SaSaR 000 /= (3.12)
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Recall that Sa0 itself was considered separately (i.e., within RLS, Eq. 3.11). This parameter

reflects the intensity of the smoothed moving average relative to the median intensity of

all records in a M-R bin.

The overall effect that the previous ratios have on the ductility can be expressed by a

normalized parameter, the normalized ductility, Rµ, defined as:

mR µµµ /= , (3.13)

where µ  is the ductility demand for a particular record and µm is the median ductility of

all records. In order to try to quantify the effect of the different shape and intensity

parameters, their relationship to the normalized ductility demanded was tested.

The total effect was tested by assuming the following model for the contribution of all

three effects, RSaMA0, RGSµ, and RLS:

321
0

a
LS

a
GS

a
SaMA RRRR µµ = (3.14)

Departing from Equation 3.14, the logarithmic linear relationship was used to perform a

linear regression analysis, which yields the exponents of the ratios, a1 through a3:

)ln()ln()ln()ln( 3201 LSGSSaMA RaRaRaR ++= µµ (3.15)

Equations 3.14 and 3.15 can be thought of as an extension to a previously used functional

description of median displacement seismic demands with spectral acceleration

(Bazzurro, et al, 1998; Luco and Cornell, 1998; Shome, 1999). In ductility terms it is:

b
m Saa=µ (3.16)
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The new form considers the additional contribution of the shape quantities; the more

refined model is:

321
0

a
LS

a
GS

a
SaMAm RRR µµµ = (3.17)

where µm (from Eq. 3.16) equals a Sa0m b, and Sa0m is the median spectral acceleration of

the bin records (i.e., the target elastic frequency spectral acceleration).

A first attempt to explain the cause of the observed bias that the use of spectrum matched

records produces is to try to identify an asymmetry in the coefficients a1 through a3, by

using subsets of sample records. What is meant by asymmetry is simply the obtaining of a

different value of the coefficients by performing the regression on the appropriately

defined subsets (see below). The effect of the asymmetry on the value of the coefficients

would be reflected in different deviations (e.g., a different increment) from the median

ductility, depending on the value of the corresponding shape or intensity ratio relative to

unity (or, equivalently, the value of the logarithm of the ratio with respect to zero).

Consider the following example, in logarithmic terms (as expressed by Eq. 3.15). For

example, an asymmetric coefficient a1 would mean that if for a record its ln(RSaMA0) =

+0.2, then it would imply that the logarithm of the ductility ratio, in absolute value,

would be different from that of a record with ln(RSaMA0) = -0.2, all other values (i.e., RGSµ

and RLS) being fixed. This is not expected to be the case for a1, since, as seen in Shome,

1999, normalization does not introduce apparent bias.

It was considered that such subsets could be generated by separating those samples that

yielded lower-than-unity values of Rµ from those that presented values above one.  In

other words, the values of the coefficients were obtained from performing linear

regressions on the logarithms of the normalized shape and intensity effects (i.e., RGSµ, RLS

and R SaMA0) for these two subsets independently.
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The data set of 63 observations corresponding to the 1hz bilinear, SDoF, low resistance

(µD = 8.0) was used. It was manipulated in order to have the data in terms of the

previously described ratios.

Before looking at the two subsets, first a regression was performed on the entire data set.

Table 3.11 shows the correlation matrix for the variables considered in the regression

(i.e., RGSµ, RLS and RSaMA0). As expected, they can be considered uncorrelated.

The coefficients for equation 3.15 were found, and can be seen in table 3.12. To confirm

the form of the model, the regression was run with an intercept coefficient (a0). As

expected, the regression showed that a zero-intercept model can be considered valid.

Also, it seems that the coefficient for the variable RLS is not significant (at the 95%

confidence level). The near-unit value of a1 confirms the findings of Shome, 1999, that

nonlinear displacement is approximately proportional to intensity (as measured by first-

mode Sa). The statistical significance of a2 confirms that records with comparatively

higher SaMAµ values (i.e., at fµ ) cause larger nonlinear displacements. Table 3.13 shows

the coefficient of multiple determination, R2, corresponding to regressions with different

variables. Clearly there is no benefit to using RLS, in contrast to RGSµ; it provides no

additional explanatory power.

The regressions on the subsets of data (corresponding to Rµ < 1 and Rµ > 1) were forced

through the origin. The results are summarized in table 3.14. As done above, a table for

regressions with incremental addition of variables is shown in table 3.15. It is worth

noting that, because the regressions are forced through the origin, the coefficient of

multiple determination, R2, has no clear meaning and is not shown. However, closely

related to the R2, is the error sum of squares (SSE), presented alongside the coefficients

obtained (not to be confused with SEE, the standard error of estimation, related to each

coefficient).

There are several things that can be noticed:
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• The relatively small standard errors on the coefficient a2
+ and a2

- (affecting RGSµ, the

global shape parameter) seem to indicate a statistically significant difference. This

would imply that the global shape effect is stronger for those data points

corresponding to the above-unit Rµ data set than those with Rµ < 1. If this is the case,

this is the asymmetrical effect we have been looking for.

• The data seems in general to indicate the lack of significance for the coefficient a3,

reflecting the local shape effect. The relatively small increase in the value of R2, the

coefficient of multiple determination, for the entire data set, as well as the small

decrease in the value of SSE, the square sum of the errors, for the partial-data-set

regressions, once the additional variable (RLS) was introduced, seemed to indicate the

lack of benefit of adding such a value. Only for the above-unit Rµ subset regressions,

did there seem to be some significance (yet low) in the value of the coefficient a3

(Table 3.16).

• The value of the coefficients a1 and a2 present small standard errors.  The value of a1

seems to be symmetric, i.e., the values obtained by both sets are not statistically

significantly different. The values obtained for this coefficient agree with typical

values (around unity).

• In general, the standard errors for the coefficients obtained from the negative below-

unit Rµ subset regression are higher than those for the positive set. This fact is only

marginally due to the lower number of observations.

The fact that there appears to be an asymmetry in coefficients a2
+ and a2

- is a reason for

spectrum-matched records to show an unconservative bias. Real records will present high

and low values of RGSµ; the records with high-valued RGSµ have a relatively larger effect

on the median ductility than do the records with low-valued RGSµ, and also relative to a

hypothetical  "typical" record with a median shape (i.e., with RGSµ = 1). The median

ductility is larger than the one caused by such "typical" record. All records, having been

spectrum compatibilized, will be forced to have the "typical" shape, hence generate

responses with a biased median with respect to the one estimated with all unmodified

records.
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Consider the following hypothetical example. If 1/3 of all real bin records would have an

above unit value of RGSµ = 1.8, 1/3 an exactly unit value, and 1/3 a below-unit value of

RGSµ = 1/1.8, by considering the above coefficients a2
+ = 0.66, and a2

- = 0.41, the average

logarithm of the ductility ratio could be computed as:

avg(ln(Rµι)) = (1/3) ln(RGSµ > 1) a2
+ + (1/3) ln(RGSµ  = 1) a2

± + (1/3)ln(RGSµ  < 1) a2
-

= (1/3)(0.59)(0.66) + 0 + (1/3)(-0.59)(0.41) = 0.05.

In contrast, these records once spectrum-matched to the median spectral shape (i.e., in

order to have all records with RGSµ = 1) would clearly have a zero average logarithm of

the ductility ratio, and hence be biased low with respect to the previous result.

3.6.2 Isolated Spectral Shape and Intensity Effects in Nonlinear Seismic

Displacement Demands (Using Spectrum-Matched Accelerograms).

The previous statistical analysis provided useful insight into the potential source of bias.

In addition, a modified experiment was carried out in order to isolate each of the effects

(i.e., intensity, global and local shape effects).

 Completely new data sets were generated in an attempt to isolate the different effects. In

order to isolate the aforementioned characteristics, spectrum compatibilized

accelerograms were used (the compatibilization scheme used was that of the frequency

domain, with use of the program RASCAL described earlier). The different sets allowed

us to focus on varied values of the intensity (Sa0) and shape ratios (RGSµ and RLS), one at a

time, while keeping all other parameters constant. The control set for all cases to be

considered was the suite of 63 compatibilized accelerograms matched to the original

target (i.e., the median spectral shape of the original records), for which results were

already available.
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The definitions of equations 3.10 through 3.13 were slightly modified because the

comparison criteria (the normalization parameters) were not taken from the new records,

but were set to the existing-data control case. In other words, the normalizing parameters

were not taken from the modified sets themselves, but from the control set. In terms of

the normalization for observed ductility, its new definition was:

cR c µµµ /= ; (3.18)

where µ corresponds to the observed demand of each accelerogram in the new set

generated, and µmc = 7.01 (which is the control set's median ductility, for the 1Hz, SDoF,

bilinear system, computed from tables 3.1a and 3.2a). The subindex c applied to the ratio

denotes "with respect to the control set".

3.6.2.1 Isolated Intensity Effects.

The modified version of the intensity ratio involves normalizing the record's spectral

acceleration not by the set's median spectral acceleration at f0 but by the control set's

median spectral acceleration. For this case, the re-defined parameter is:

mccSa SaSaR 000 /= (3.19)

Other than the difference in the normalizing parameter (i.e., now with respect to the

control set), this re-definition differs from Eq. 3.12 in that the consideration of the

moving average spectral shape was not necessary because of the smooth nature of the

target spectrum to which the control set records were compatibilized. In order to generate

record sets of different intensity levels the control set was directly scaled by different

factors, i.e., 1.6 and 1/1.6. For all practical purposes5, the value of RSa0c for all scaled

records can be taken as that of the factor that all control records were scaled by. In order



CHAPTER 3. SPECTRUM MATCHING.

78

to test the isolated intensity effects, given that no shape parameters are considered, the

model used was Rµc = RSa0c
a1. The results generated are shown in table 3.17.

We can see that the estimated value of the coefficient a1 is very stable and symmetric: the

values obtained for the two data sets are not statistically significantly different. These

findings are congruent with those concluded in Shome (1999) where the validity of

"scaling" (i.e., normalizing) records was discussed. In other words, scaling "up" or

"down" (for a particular value of ln(|RSac|)) the records had the same relative effects (that

of an increase/decrease of around 0.5 in terms of ln(Rµc)).

Figure 3.12 shows the sets of data points for both new sets, as well as the control case.

One can draw a straight imaginary line that will connect the mean of the logarithms, with

a slope ≈ 1.0. This means that the relative effects were the same for both new sets: both

new data-"clouds" are equally far from the median control-set ductility.

A bi-product of this isolated-effect experiment was the obtaining of an additional

parameter. By using the three sets altogether, the value of a from Equation 3.16 was able

to be obtained. In conjunction with the regression estimate of the value of b, now

representing simultaneously both new data sets, these parameters should allow us to

estimate the median value of ductility given spectral acceleration, if no global- or local-

shape effects are to be present.

From the regression using all data sets together we obtained:

a = 0.0709 (for Sa in units of [in/s2]);  b = 0.9995;  σlnµ|lnSa = 0.22

Notice that the value of b lies between the two values obtained for the coefficient a1

(table 3.17), corresponding to both scaled-records data sets. Also notice that the low

dispersion is valid only for compatibilized records.
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3.6.2.2 Isolated Local-Shape Effects.

Although the regression analyses performed in the previous section tend to agree on the

lack of importance of the local-shape parameter, an additional attempt to study its effect

was performed.

In order to construct data sets that will allow the study of local-shape effects, the

following "factor functions" (as defined in Chapter 2) were chosen to be applied on the

original target spectral shape of the control set (Fig. 3.13). The geometry of the local-

shape was an ad-hoc one (as was the definition of RLS in the previous section); the base

and the height of the triangle were taken from slightly larger than "typical" half cycles of

jagged response spectra.  Note that for both cases only the values of the spectral

accelerations in the "softening" direction (i.e., in the direction of decreasing frequencies)

were modified. The importance of different geometries (e.g., different heights, bases, and

locations of the maxima/minima) on the response can be argued, but it was not believed

of great importance that it be studied here.

A new definition of RLS was not attempted, due to the degree of arbitrariness already

involved5. Instead, the effect was quantified by directly observing the values of Rµc

caused by the different sets. The results are recorded in Table 3.18.

Given the observed variability on the normalized demands, in terms of ln(Rµc), it can be

said that the effects are virtually symmetrical for the two cases, i.e., |0.13| ≈ |-0.10|.

Notice that the average value of |ln(Rµc)| is very low for both cases even though the

peak/valley considered was selected to be of "representative" dimensions. The spectral

ordinates are changed by as much as 60%. This would imply that the local-shape effect is

not important, relatively speaking, even if the presence of asymmetry actually did exist

                                                
5 A real jagged response spectrum will not necessarily have Sa0 be at the base of a peak or valley. Also, the
case considered here should really consider a higher value for RLS than the one that the previous definition
could provide, due to the possible effect of considering a moving average (provided that the numerator of
Eq. 3.11 were at the maximum/minimum of the triangles considered in the factor functions). Also notice
that the imposed shape does not consider any consideration of the higher-than-fundamental frequencies, as
is the case for the local shape variations that real records show.
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for it. One possible explanation is the fact that we were looking at a control case of a high

median ductility (µD = 7), and that the effective frequency is such that the structure has

"softened" well past the influence of the peak/valley. In order to test this idea, higher

resistance designs were also analyzed with the same sets of accelerograms (Table 3.19).

The "higher resistant" designs correspond to systems that show lower values of median

ductilities, when subjected to the same set of records. There seemed to be no trend in the

local-shape effect, however, as described by ln(Rµc). A trend (either increasing or

decreasing) in the asymmetry (if any) in the coefficients can not really be established.

3.6.2.3 Isolated Global-Shape Effects.

In order to test the global-shape effects, factor functions (FF) were also constructed for

modifying the original target shape (i.e., the control shape). The experiments were also

done based on the µD = 8 design (i.e., the system that showed a ductility of 8 to the

unmodified set of 63 original records) of the 1hz bilinear SDoF system. The median

value of ductility observed by running the control record set (i.e., the records

compatibilized to the median shape) through the system was µm = 7.02. However, the

softened effective frequency was considered for simplicity to be fµ = f0 / µ1/2 = 1Hz /81/2 =

0.35Hz. The value of the normalized shape ratio was directly related to the factor, FF(.);

it increases (or decreases) the value of Saµ with respect to that of the control shape (at

such frequency). For this case, Fig. 3.14 shows the factor functions used. Here, the factor

is FF(fµ) = FF(0.35) = 1.8 and 1/1.8.

For both cases the factor functions that were considered extend linearly to lower-than fµ

frequencies. The value of the factor function at the softened effective frequency

(considered to be at fµ = 0.35Hz) was such that the logarithm of the global shape ratio had

the same absolute value of ln(RGSµc) = |ln(1.8)| = |ln(1/1.8)| (see Figure 3.14).
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The re-definition of the corresponding shape parameter describes the change in spectral

shape, from f0 to fµ, with respect to the corresponding description of shape for the control

spectrum:

mcmc
cGS SaSa

SaSa
R

0

0

/

/

µ

µ
µ = (3.20)

Note that the subindices corresponding to the description of "moving average" as they

appear in Eq. 3.10, have been removed for simplicity; the spectral jaggedness was

considered to have been removed by the compatibilization applied (i.e., it was considered

that SaΜΑµ = Saµ and SaΜΑ0 = Sa0 for all records of each new set). Again, the c subindices

in the denominator values indicate that the normalization was done with respect to values

of the control spectral shape (the original target). The value of the shape ratio selected

here (RGSµc = FF(fµ)= 1.8) was somewhat ad-hoc, slightly larger than typical values (the

exact "typical" value will be discussed in the next section). Other values will be

considered below. Because the regression considers only the global-shape effects, we can

write Rµc = RGSµc
a2. For this case, the results obtained from the regressions are shown in

Table 3.20.

The sought-after asymmetry is evident from the absolute values obtained for the a2

coefficient for both sets; let them be called a2
+ and a2

-, as previously done.  There is a

statistically significant difference between the estimated absolute values of the two

exponents. The relative difference in the values obtained for these coefficients can be

seen in Figure 3.15, where runs for all three sets are shown (plotted µ  vs.  FF(fµ)  =

RGSµc).

As done for the isolated local-shape case, the newly generated spectrum-matched sets

were also tested on the lower resistance designs. In this case, the asymmetry seems to be

"constant", in terms of the ratios of the estimated coefficients (i.e., about 2:1) regardless

of the systems' resistance (Table 3.21).
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Notice that since the same set of compatibilized records was used for all three systems

(i.e., µD = 8, 4 and 2), the value of FF(fµ) was different for each case. The corresponding

values of FF(fµ) can be obtained from Fig. 3.14, where fµ is to be computed from

considering µ = 4 and µ = 2, i.e., they correspond to the values of FF(fµ) at fµ = f0/41/2

(i.e., FF(0.5))  and fµ = f0/21/2 (i.e., FF(0.71)), respectively, (where f0 = 1Hz).

The following sections will explain in detail the reason for the presence of bias observed

in section 3.5, and how it can be predicted, and corrected. As done earlier, a brief and

simplistic first-cut attempt to explain it, consider the following hypothetical situation:

assume that all 63*3 records (corresponding to the control and both modified sets of

compatibilized records above) belonged to a particular (hypothetical) M-R bin (i.e., 1/3

of the records having RGSµc  ≈ 1, 1/3 greater than one (RGSµc = 1.8), and 1/3 of them lower

than one (RGSµc = 1/1.8). The value of the median ductility that would be observed from

all those records could be computed from the median normalized ductilities (Rµc = µ / µc

= µ / 7.02)  (from values in Table 3.20):

µ  = µc  exp((0.37 + 0 - 0.19) / 3 )   = 7.44 (3.21)

If all 63*3 records were then compatibilized to the median target (i.e., the control set

shape), we would expect the median ductility to be equal to the control set's median

ductility (i.e., µc = 7.02) which would be unconservatively biased with respect to the

hypothetical set. In short, this asymmetry may well be the cause of the bias observed in

spectrum matched records.
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3.7 Effects of the Variation of the Global-Shape Ratio: Bias

Correction.

By using the information generated in the previous section, we can attempt to provide a

means for producing a corrected spectral target for spectrum compatible records, such

that it would allow for the unbiased estimate of the median ductility that unmodified

records would show. For example, suppose that we know a priori that the bias in median

ductilities that spectrum compatible records produce (using the median spectral shape of

a bin as a target) is 1/1.14 ,e.g., as indicated in table 3.2a, for a 1Hz SDoF bilinear

system. For this system the value obtained from regression was a2
+ = 0.623 (the

coefficient affecting the above-unity RGSµc ); one would hope that this would allow us to

estimate the required global-shape ratio, RGSµc, that should be forced on a (corrected) set

of spectrum compatibilized records in order to offset such bias. In other words, setting

Rµc = 1.14, the required global shape ratio might be:

ln(RGSµc) = ln(Rµc) / a2
+ = 0.21,  or

RGSµc = 1.24.  (3.22)

With this, we could construct a  factor function that enforces a RGSµc = 1.24, i.e., one with

FF(fµ) = 1.24.  We will see below, however, that such a correction is not sufficient for

this system, due to the variation of a2
+ with different values of the global-shape ratio.

Notice that for correction we need only the corresponding above-unity RGSµc, because the

de-biasing of the median estimate requires that the demands be higher than were

observed for the original set of compatibilized records.

The following section, 3.7.1, studies the variation of the global-shape ratio effect on the

normalized ductilities for different systems. Section 3.7.2 presents options for obtaining

un-biased estimates of the median ductilities that a set of bin-records would produce.
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3.7.1. Study of the Global-Shape Ratio on Different Systems.

Given that the potential source of bias was identified, one can ask the following

questions:

• Do the values of a2
+ and a2

- (corresponding to above- and below-unity values of the

global-shape ratio, RGSµc ) hold for different levels of the global-shape ratio, RGSµc?

Does the asymmetry still exist?

• Can we artificially control and ultimately eliminate the bias by setting an appropriate

value of RGSµc , to the target shape? If so, What is such an "appropriate" value?

For the same low resistance system considered above (µD = 8 ),  a set of different values

for FF(fµ) (and hence, new factor functions altogether, Figure 3.16) were considered for

constructing new sets of compatibilized records, in order to vary the value of the global-

shape ratio, RSaµ. We can plot the mean values of  ln(Rµc) obtained with these new sets of

records, against the values of ln(RGSµc).  The new sets correspond to values of RGSµc of

1.24, 1/1.24 ,1.4 and 1/1.4 in addition to the previous sets of RGSµc = 1.8 and 1/1.8. For

each new set of records, the corresponding estimate of a2
+ and a2

- was obtained by

regression as was done in the previous section, i.e., by equating them to the ratio of the

mean natural logarithms of Rµ to RGSµc.

Note that the ratio of normalized ductility Rµc to the shape ratio, RGSµc, increases as the

value of RGSµc grows; in particular the relationship is not linear.  Assumed in the

regression model (i.e., ln(Rµc) = a2 ln(RGSµc)) was a logarithmic linear relationship

between Rµc   and RGSµc . The plot shows a non-constant value of the estimate a2
+, because

it depends on the value of RGSµc. It appears that these nonlinear softening systems are

non-proportionately sensitive to increased global shape ratios, i.e., increase in the

strength of the spectrum at lower frequencies than f0. This is in contrast to the simple

"intensity changes", i.e., scaling records up and down, where the effect is roughly

proportional over a broad ductility range. We can notice that for the value of RGSµc =
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1.24, which corresponds to ln(RGSµc) = 0.21, the corresponding normalized ductility ratio,

Rµc, is lower than the value of 1.14 we would require to correct for (i.e., ln(Rµc) = 0.068 ,

or Rµ = 1.07), for a 1hz, µD = 8, bilinear SDoF system.

Figure 3.17 now allows us to generate a set of compatibilized records that will produce

the desired un-biased estimates. For example, as mentioned above for the low resistance

1hz bilinear system (µD = 8), we know that the median bias was 8.0/7.02 = 1.14 (table

3.2a). Hence, for the required level of modification, i.e., Rµ = 1.14 (or ln(Rµ) = 0.13),

Figure 3.17 shows that the  corresponding value of ln(RGSµc) required is 0.34. Hence, the

value of FF(fµ) that will cause such value is exp(0.34) = 1.4 (which coincidentally

corresponds to one of the values selected for the experiment). We shall confirm that this

scheme works below.

But first, it is of interest to know whether knowing the variation of the normalized

ductility with different values of the global-shape ratio of an SDoF system permits one to

predict as well the impact on responses of other SDoF or even MDoF systems. If so, are

such predictions valid for both interstory and global ductility measures? Remember that

Figure 3.17 corresponds to the low-resistance SDoF 1Hz system, which allows us to

construct corrected compatibilized records, strictly only for that system.

Table 3.22 compares the median displacement values obtained by using a set of 63

"corrected" compatibilized records, using a target spectra equal to the bin-median

spectrum multiplied by a factor function with FF(0.35Hz) = 1.4 (based on Fig. 3.14). The

results are for the different 1Hz systems studied in section 3.5 (including the 2-D friction-

pendulum based isolated system).

As expected, the estimate of the median ductility for the low resistance SDoF system is

now unbiased (compare 8.00 and 8.10 versus 7.02). Not expected, but welcome however,

the higher-resistance SDoF systems also yielded reasonably unbiased estimates of the

median ductilities. Notice that the modified-shape spectrum compatible records continue
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to produce very low dispersions (σlnµ ≈ 0.2) and hence would still permit the use of

smaller sample sizes.

The use of this particular corrected set of compatibilized records was, however, not too

good for the MDoF systems, although some improvement in the estimates (i.e., a little

lower bias) was attained for the stick models. For the fixed-base 2-D frame the correction

was apparently only half of what it needed to be (i.e., µi = 4.20 to estimate a median

interstory value of µi = 4.6). For the base isolated 2-D frame, for which interest is mainly

in the nonlinear isolator displacement, the displacement estimated was apparently "over-

corrected", but given the large standard error (0.92 /(63)1/2 ≈ 0.12) on the original-data set

median value (10.1 in) the two estimates are not significantly different. Both sets of

compatibilized records predicted poorly (i.e., showed a biased prediction for) estimates of

both  median interstory and global ductilities in the superstructure. Curiously there was

no increase in these values for the second set of spectrum matched records; this is

perhaps because they repeat virtually linear behavior.

In order to provide an appropriate system-specific correction of the above systems,

compatibilized record sets with different levels of global shape correction on the original

target were also tested on them. Also, for the high frequency 4Hz systems, new

compatibilized records were generated for the same purpose. The corresponding modified

spectral shapes considered factor functions similar to those shown in Figure 3.14, now

with constant unit values above 4hz. Figures 3.18 through 3.24 show the plots

corresponding to the effect that different levels of the global-shape parameter have on the

normalized ductility. In order to show comparable plots for systems of the same elastic

frequency but different resistances, a new characterization of the factor functions was

made, in terms not of the values of the factors at different frequencies (e.g., FF(fµ) = x),

but of the angle θ that the line corresponding to the variation of the factor with frequency

(below f0) has with respect to the horizontal. For example, Figure 3.14a (which, for f0 =

1hz, and FF(fµ) = FF(0.35) = 1.8) corresponds to an angle of θ = 0.89rad (i.e., 51°).  The

correction angle that was used to modify the records for the generation of Table 3.22 (i.e.,

1Hz systems) , was θ = 0.55rad (FF(fµ) = 1.4; f0 = 1Hz, fµ = 0.35Hz).
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Figures 3.18 through 3.24 show only the variation of the normalized ductility with a

positive θ-angle; the required correction corresponds only to positive values for RGSµc

(and hence for FF(fµ), which can  directly be mapped into the value of the required

angle). The first graph, Figure 3.18, is derived from the values in Fig. 3.17 (for RGSµc >

1); also presented in Fig. 3.18 are the plots corresponding to the higher resistance, SDoF,

1Hz systems (µD = 4 and 2).

3.7.2. Un-Biased Estimate of Bin-Records Median Ductilities.

For a known (a priori) level of required de-biasing, the previous plots allow us to

construct system-specific corrected (with respect to the bin-median shape) compatibilized

records, using the appropriate θ-angled factor function.

Based on Table 3.22 and on Figures 3.18 through 3.24, one can make the following

observations:

• Plots corresponding to SDoF systems, which are relatively "cheap" to obtain, are

unfortunately not necessarily sufficient for obtaining correcting-factor-functions in

order to generate spectrum compatibilized records that will produce un-biased

estimates of median ductilities for MDoF systems. For example, for both 1Hz stick

models, the corrected records (having corrected by using the θ = 0.55rad correction

angle) still under-predicted the median ductility, for both interstory and global

measures (the best they could do was for the low-resistance interstory ductility

estimate, 7.12 vs. 7.21).

•  Not always can the same corrected target shape correct both interstory and global

estimates of ductilities by the same amount. See for example Figs. 3.19 and 3.20. For

such a case, in order for a single corrected curve to be useful, the amount of required

bias correction for both responses would need to be different. Alternatively, both
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interstory and global ductility angle-correction curves need to be close to each other,

such that the same amount of bias correction is attained, and the amount of bias to

correct must be the same. For example, for the 2-D fixed frame both ductilities

needed corrections of about 20% and, although the angle used for the correction of

the records (θ = 0.54) was insufficient, both measures were corrected by comparable

amounts, which is consistent with the proximity of the 2-D fixed frame µi and µg

correction-angle curves (Fig. 3.21). For levels of bias up to around 1.4, the 4Hz

MDoF stick-model curves (Fig. 3.23) indicate that both measures should be corrected

equally; however, as indicated by table 3.6a, the required correction is different (i.e.,

1.32 for global, and 1.13 for interstory), such that a single curve would not work for

correcting these measures simultaneously.

• In terms of the correcting factor function angles, it seems that as the system's

fundamental frequency increases, the angle required is smaller, as can be seen, for

example, by comparing figures 3.19 and 3.23.

The major implications of the above observations are that not only are the different biases

to be corrected not necessarily consistent within a system, but also the correction curves

are highly system-dependent. More systems need to be analyzed in order to try to identify

some consistent pattern, or to make useful generalizations.

For the systems that were analyzed for the construction of Figures 3.18 through 3.24,

Table 3.23 shows the "correct" required angle, given the system and response-specific

(i.e., µi or µg) observed bin-median-shape-matched records' biased estimate of the median

responses.

Observing the limited data, the following conclusions can be drawn. In general, SDoF-

based angles tended to be insufficient for "correcting" for MDoF results (except for the

low resistance interstory ductility of the 4Hz-MdoF-stick model — because of the bias it

showed, Table 3.6 — and those of the displacement of the friction pendulum-isolated

1Hz system). As mentioned earlier, the required angles seem to decrease as the frequency
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of the system increases. In general, for stronger systems, the angle required seems to be

higher.

One would like, of course, the efficiency (implied by the ductility dispersion of spectrum-

matched records) while avoiding their potential inaccuracy. At this point we have the

following three options for obtaining an unbiased estimate of the corresponding M-R bin

median ductilities by means spectrum compatibilized records:

1) The simplest scheme is to run the bin-median-shape matched spectrum compatible

records through the system and obtain the biased estimate of the median. The typical

values of "bias" for the various systems in Tables 3.2 through 3.10 can be used as factors

on the spectrum matched estimated median values in order to de-bias the estimate.

2) The second option is to consider "scaled" compatibilized records (i.e., no shape

alteration), in order to adjust their intensity. The bin-median-shape-matched

accelerograms are to be scaled by a factor proportional to the "bias" values estimated as

above from Tables 3.2 through 3.10. This assumes a b ≈ 1.0 model (as given by Eq. 3.16)

(The factor can be appropriately modified for non-unit b values). The difficulty here is

that one does not know the level of ductility involved before matching the bias estimate.

And it may be different for different responses of interest (e.g., global vs. interstory drift),

implying that no single factor is sufficient.

3) If an appropriate correction-angle curve is available, the last option is to shape-modify

the target for spectral matching. Provided that we know the level of required de-biasing

one obtains the corresponding correcting angle, modifies the bin-median-spectral shape,

generates the corresponding compatibilized accelerograms, and runs them through the

system.

Consider the simple following example: If the system we are interested is, a 1Hz MDoF

high-interstory ductility system, we can make use of the top curve in Figure 3.19.

Assuming we know the expected uncorrected-shape bias is 1.19 (e.g., from Table 3.5a),
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we find from interpolation that the angle required for correcting the spectral target is θ =

0.57rad; this angle is the inclined line parting from 1Hz to lower frequencies, such that

we use the factor function shown on Fig. 3.25 on the original target.

Such a factor function is then applied to the original target, i.e., the M-R bin median

spectral shape. Figure 3.26 shows the original target, and the corresponding "corrected"

shape that would yield corrected accelerograms for estimating unbiased estimates of the

bin median ductilities.

It is necessary to point out that the use of this exemplified scheme will depend on the

(unlikely) existence of these curves. For the particular case of interest (be it interstory or

global ductility) we are interested in a SDoF system or a MDoF system, a high frequency

one or low frequency one. The applicability of this scheme is very restricted, due to the

highly system-dependent nature of the angle correction curves.

3.8 Simple Analytic Prediction of Spectrum Matched Records'

Bias.

The previous example made use of modified target shapes that would remove the

apparent bias of the estimate that median-bin-shape spectrum matched records would

produce (given the unlikely event that it was actually available). However, it required

knowing beforehand the amount of bias that the set of compatibilized records would

introduce. One identifies the amount of bias expected (e.g., by means of tables 3.2

through 3.10), and from the corresponding correction-angle plot (if available) one then

estimates the required value of the angle for constructing the factor function that will

"correct" the spectral target shape. The first two more accessible methods proposed

(scaling the records or directly correcting the bias) also required knowledge of the bias.
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The following sections incorporate what was learned with the controlled-isolated effect

studies in section 3.7, with what can be known about a set of bin-records, in order to try

to predict the bias that median-shape-compatibilization records might introduce in

estimating the median ductility demands. Section 3.8.1 proposes, for this purpose, an

analytical description of such bias introduction. Following that, section 3.8.2 applies the

model for the different systems considered in the previous section, and describes the

ability to use it, and provides the required information.

3.8.1. Analytic Description of Observed Bias.

In an attempt to explain the inherent amount of nonlinear displacement bias in the

estimate of the median introduced by compatibilizing a particular set of records (e.g.,

from a narrow M-R bin) to the bin median spectral shape, consider the following

observations:

• A refinement in the model for describing nonlinear response vs. seismic input

considers knowing the distribution of the global-shape parameter, RGSµ (as described

by Eq. 3.10), for a set of a M-R bin (unmodified) records. Given the median spectral

shape, some records will show above-unit values of RGSµ, and some will show below-

unit values.

• The value of the global-shape ratio, RGSµ, is related to the softened effective

frequency, fµ. The latter can be estimated by considering an estimated median

ductility (based on, for example the equal-displacement rule, where µ ≈ Sa0m / Sa0y,

Sa0y being the yield level spectral acceleration) and applying the effective frequency

concept, i.e., fµ = f0 / µ1/2 . The global-shape ratio is also related to the median-bin-

spectral shape, in terms of its values at f0 and fµ (i.e., Sa0m and Saµm), values that, for a

narrow bin, can be obtained from appropriate attenuation laws at f0 and fµ.
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• For a narrow bin, the probability distribution of Sa0, for any particular frequency f0,

can be considered to be known from the corresponding attenuation law and its

dispersion (σlnSa0) (typically modeled as lognormal, Abrahamson, 1997).

By taking the previous observations into account, the following is an analytical prediction

of the bias, based on assuming valid for the bin-records the functional relationship

between the isolated-effect global-shape ratio, RGSµc and the normalized ductility, Rµ, as

depicted in Figure 3.17. As will be seen, such a description of the bias is put in terms of

the asymmetry that such functional relationship for above-unit values of RGSµc have with

respect to the below-unit values' relationship, i.e., a2
+ vs. a2

-. The existence of an

underlying biased estimate lies on the fact that real bin-records present a dispersion of

values of the global-shape ratio (dispersion which is linked to the median level of non-

linearity in the system). Spectrum compatibilized records, by definition, lack such

dispersion, which keeps the asymmetry in the global-shape ratio effect from "operating",

leading them to being biased low, relative to the unmodified bin records' estimate.

What is about to be computed in this section is the expected value of the ratio of the

estimated median ductility that bin-records yield, with respect to the estimated median

ductility that a set of compatibilized-to-the-median-shape accelerograms would produce.

Such value, is analogous to the "bias" values presented in tables 3.2 through 3.10. We

will part from the assumption that all records have been normalized to the spectral

acceleration at the fundamental frequency, such that we need not worry about intensity

effects. This, of course, makes use of the belief that normalized records yield the same

estimated median ductility. Also, noticing that by normalizing, the distribution of global-

shape ratios of the bin records is maintained.

In logarithmic terms, the expected value of the sought-after ratio is:

))](ln([)][ln()]/[ln( µµµµ GSm RgEREE == (3.23)
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where g(.) is the functional relationship between the global shape ratio, RGSµ, and the

normalized ductility, Rµ (an example of such function, although not called g(.) there, is

illustrated in Fig. 3.17). E[.], is the expectation of the bracketed function of the random

variable.

As mentioned above, the normalization ductility, µm, is the value of the median ductility

that the median-shape-matched records would produce.  Unlike the definition of Rµ  given

by equation 3.18 (section 3.6.2), the ductilities that are being normalized here (i.e., µ) do

not come from compatibilized records with a predefined value of RGSµ, but from the

normalized bin records. Also, the definition used here of RGSµ (analogous to that of Eq.

3.20) was not made in terms of the moving average, as was done in Eq. 3.10. As will be

seen, we have estimated intensities (spectral accelerations) by means of appropriate

attenuation laws that are not related to the corresponding moving average value, but Sa0

itself.

Let us consider separately the contributions of the negative and positive subsets of

ln(RGSµc) to the normalized ductility, because the asymmetry in figure 3.17 (i.e., ln(Rµc)

vs. ln(RGSµc) ) suggested the possibility of defining the function g(.) differently for these

sets. Let us call these g+(.) and g-(.):
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where P[.] is the probability of the bracketed event.

It is important then to establish the distribution of ln(RGSµ). Based on the definition used

here : RGSµ = (Saµ / Sa0) / (Saµm / Sa0m), for a particular record from a narrow bin, we can

establish such distribution by considering the logarithmic representation:
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Let us assume that this is the difference of two normal variables , which is consistent with

what is observed when constructing attenuation laws, minus their means. Assume further

that ln(Saµ) and ln(Sa0) are jointly normally distributed, with correlation coefficient

ρlnSa0,lnSaµ (given M and R of the bin), implying that ln(RGSµ) is a gaussian variate:

N(0,Var[ln(RGSµ)], with

µ
µ

σσρσσ µµ SaSaSaSaSaSaGSRVar lnlnln,0lnln
2

ln
2

0
0

2)][ln( −+= (3.26)

Also,

5.0]0)[ln(]0)[ln( =<=> µµ GSGS RPRP . (3.27)

It is expected that as the softened effective frequency, fµ, is further away from f0, the

value of ρlnSa0,lnSaµ will decrease, such that the variance of ln(RGSµ) will be higher as the

value of the expected ductility demand increases. Recall that fµ = f0 / µ1/2, implying fµ / f0

= 1/µ1/2. Inoue, 1990, found an empirical relationship that defines such a correlation,

given in terms of the ratio of frequencies.

|)/ln(|33.01 0ln,0ln ffSaSa µµρ −= (3.28)

which here becomes (1- 0.33|ln(µ)1/2|). Let us consider, based on Fig. 3.16, a quadratic

model for g+(.) of the form:

2))(ln()ln())(ln( µµµ βα GSGSGS RRRg +++ += (3.29)
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Also, let us consider a linear model for g-(.):

)ln())(ln( µµ α GSGS RRg −− = (3.30)

i.e., α- =  a2
- (the coefficient obtained for the below-unit values of RGSµ).We are now in

condition to expand Equation 3.24 by means of the following two equations:
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and
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The required conditional distributions, i.e., fln(RGSµ)) | ln(RGSµ) < 0 and fln(RGSµ)) | ln(RGSµ) > 0 , are

mirror images of one another; they correspond to truncated-at-zero normal distributions

(in which the underlying normal distribution has parameters mean = 0, variance =

σ2
lnRGSµ). One is truncated above zero, and one below zero. There is a normalization by

the corresponding half area, i.e., by 0.5. The mean and variance of such conditional

distributions can be found in terms of the parameters of the unconditional gaussian

distribution of ln(RGSµ). For example,
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The conditional mean given ln(RGSµ) < 0 is of course negative, with the same absolute

value. Also,
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Finally, using Eqs. 3.31, 3.32, 3.33, 3.34 and after a little algebra, the expected amount of

bias can be written as:

])2/()2)([()][ln( ln
2/1

ln µµ
σβπαασµ GSGS RRRE +−+ +−= (3.35)

with σlnRGSµ given by Eq. 3.26.

In summary, Eq. 3.35 indirectly quantifies the bias that spectrum compatibilizing to the

median shape of a set of bin records would have. In fact, compatibilization eliminates the

dispersion of the global-shape ratios that a set of bin records naturally has, thus not

permitting the asymmetry of the effect of above- or below-unit values of RGSµ to

contribute to the overall median estimate of response, therefore we believe that E[ln(Rµ)]

(Eq. 3.35) is the amount of this effect in the real records and hence the amount by which

the median of the spectrum matched records must be multiplied to correct for its bias. Eq.

3.35 makes explicit such asymmetry "effect": the difference in the parameters α+ and  α-



CHAPTER 3. SPECTRUM MATCHING.

97

plus the contribution of the square of RGSµ given by β+. Also, it can bee seen that the level

of the asymmetry effect depends on the level of ductility expected, implicit in σlnRGSµ.

Notice that if the relationship between RGSµ and its effect on the normalized ductility had

been modeled as linear, i.e., by assuming in the model β+ = 0, then the asymmetry

"effect" is totally described by  (α+ - α-). This particular case is equivalent to requiring

only the coefficients a2
+ and a2

- as obtained in Table 3.20, where α+ would correspond to

the coefficient obtained for the above-unit RGSµ, i.e., a2
+, and α- would correspond to the

coefficient obtained for the below-unit RGSµ, i.e., a2
-.

3.8.2. System-specific Parameters for Bias Estimation.

Only for the (rare) particular case where the angle correction curves were available,

knowing the expected ratio of the bin-records' estimate of median ductility to that

obtained from compatibilized records, the required level of modification of the target

shape, at fµ (as described in section 3.7), can then be found by solving for the value of

ln(RGSµc) required to cause the expected (positive) value of ln(Rµc) by using Eq. 3.29, i.e.,

by making use of the function g+(.). This is done by finding the value of the global-shape

ratio required, and using it to construct the correcting factor function (like that in

Fig.3.14, section 3.7)  (i.e., FF(fµ) = RGSµc)). The required correction then, in terms of

ln(RGSµc) is:

2))(ln()ln())(ln()ln( µµµµ βα GSGSGSc RRRgR +++ +== (3.36)

Solving for (the positive solution of) RGSµc from Eq. 3.36 we obtain:

��
�

��
� ++−== ++++ )2/(])ln(4)([exp)( 2 ββαα µµµ cGScGS RfFFR (3.37)
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Of course the parameters α+ and β+ are required in order to find such a correction. For

computing the amount of bias, the value of α- is also required. The systems for which the

value of ln(Rµ) as a function of θ-angles were given in section 3.7 (e.g., Figs. 3.18

through 3.24) present the g+ and g- functions (in terms of ln(RGSµc)) depicted in Figures

3.27 through 3.32.

The previous graphs permit us to get an idea of the degree of asymmetry, and hence the

level of potential bias that spectrum compatibilization might introduce. The apparent

level of asymmetry varies from system to system, but for the most part, it can be

identified. Except for the global ductility case of the medium resistance 1Hz MDoF stick

model (Fig. 3.29), the asymmetry in global-shape ratios with respect to the origin is

apparent for all cases and will lead to an above-unit estimation of the expected bias (see

Table 3.24). However, other variables are involved in the computation of such estimate

(e.g., the level of dispersion in the bin-records' spectral acceleration at f0, which can not

be seen in the graphs, Eq. 3.35).

Notice the difference in vertical scale (associated to the ductility ratio) of the 4Hz

systems with respect to the 1Hz systems. The "stretching" of the axis for the higher

frequency systems is tied to the fact that these require smaller correction angles of the

factor functions in order to introduce the same level of de-biasing.

The parameters for the g+ and g- functions, obtained from the previous graphs are

presented in Table 3.24. Also presented are the αl
+ , i.e., the α+ values for a linear model

of g+, such that Eq. 3.35 can be used setting β+ = 0. For such a case, the asymmetry

effect, as described earlier, can be expressed in terms of simply ∆α = α+ - α- alone (see

the second "bias computed" column in Table 3.24). For these systems, the expected

effect, in terms of Rµc, is also shown (first "bias computed" column in Table 3.24), and

compared to the actual ratio of compatibilized median ductilities to the bin-records'

median ductilities ("bias observed" column, Table 3.24) which were directly taken from

Tables 3.1 through 3.9)
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As an example of how the values for the estimated asymmetry effect, in terms of Rµc,

were computed in Table 3.24 (see below), consider the 1hz, bilinear system, low

resistance system (µD = 8). Equation 3.26 requires the values of the standard deviations

of the logarithms of the spectral accelerations involved (Sa0(1Hz), Saµ = Sa(1Hz/81/2)) =

Sa(0.35Hz)) . From Abrahamson (1997), we find:

σlnSa0  = 0.59, so σ2
lnSa0 = 0.35; and,

σlnSaµ = 0.66, so σ2
lnSaµ = 0.44.

From Inoue(1990), we can estimate:

ρ lnSa0, lnSaµ = 1 - 0.33 |ln(fµ/f0)| = 0.66.

Hence, from Eq. 3.26

Var[ln(RGSµc)] = σ2
lnSa0 + σ2

lnSaµ - 2ρlnSa0,lnSaµ σlnSa0 σlnSaµ = 0.30,

or  σlnRGSµc = 0.54.

(The value obtained from computing directly σlnRSaµ from the set of original records was

σlnRGSµ = 0.49). For the system, the parameters for g+ and g- are: α+ = 0.14; α- = 0.35; and

β+ = 0.82 (Table 3.24). Combining these and using Eq. 3.35, we obtain:

E[ln(Rµc)] = (1/2) σlnRGSµc [(α+ - α -) (2/(2π)1/2) + β+ σlnRGSµc] = 0.074,

so the estimated bias (i.e., defined as the ratio of the real records' estimate of the median

to that of the compatible records') is exp(0.074) = 1.08.

Table 3.24 shows that the actual median ratio, using median-shape matched

accelerograms, is 1.14. Although this value is not statistically significantly different from



CHAPTER 3. SPECTRUM MATCHING.

100

1.08 (due to the large SEE ―approximately equal to 0.1 for avg(ln(Rµ))― ) the fact that

all the predictions are consistently lower than the observed bias estimates suggests that

the difference in this case is more than a statistical phenomenon.

Notice that the predictions are (consistently) lower (around 90%) than those empirically

observed, yet they are capturing the relative variation of the observed bias., they seem to

work reasonably well in general. For one case (1Hz MDoF stick, global ductility), the

estimated ratio was actually lower than unity; the negative value of ∆α (for the linear

model) coincides with the (under-) prediction of the quadratic model.

As was the case for the attempt to generalize the conclusions for angle-correction (section

3.7) few general observations can be made. In general, in terms of the simplistic linear

model, values of ∆α seem to be larger for higher frequency systems. Although this might

at first sight appear to be a reason for systematically higher biases for the higher

frequency systems, this was not the case either for the empirical observations or for the

predicted values. The effect of the higher values of ∆α for the 4Hz systems with respect

to that of the 1Hz systems (e.g., for µD ≈ 4, ∆α(4Hz) ≈ 0.3 vs. ∆α(1Hz) ≈ 0.2) are

sometimes offset by the lower standard deviations of the logarithms of the spectral

accelerations (σlnSa0(4Hz) = 0.5, vs. σlnSa0(1Hz) = 0.6), as indicated by the attenuation

laws used (Abrahamson, 1997). Notice that for the same level of ductility, the coefficient

of correlation is the same for both cases (Eq. 3.28).

The model seemed to work best for SDoF systems. Also, the model seems to work better

for the interstory ductility bias estimation. In general, the worst represented system was

the 2-D frame. As previously stated, more systems would need to be studied in order to

identify any useful patterns (e.g., in ∆α) that the limited information here does not allow

us to find.
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3.9 Conclusions.

The use of spectrum compatibilized records has in practice been easily taken for granted.

This study presented results that may be taken as a warning. For the estimation of the

ductility demands that correspond to a scenario event, spectrum matched records, whose

target is that of the scenario M-R bin median shape, will generate results that predict an

unconservatively  biased estimate of median displacement-based nonlinear responses.

Typical values for ductilities around 4 and above are 1/1.15 to 1/1.2 (and may increase

with the displacement level) that of the bin-records' results. This warning, however, is

accompanied by a very useful reduction in the observed variability of response. This

allows a large reduction in the required number of nonlinear analyses to estimate such

median with an equivalent confidence (typical reduction of the order of 4:1). The

reduction allowed is large, but not large enough to use single spectrum compatible

records as some seismic codes call for.

As was discussed in Shome, 1999, spectral accelerations other than the one at the

structure's fundamental frequency may be important to consider for the efficient

prediction of nonlinear demands. This implies that spectral shape in general may be

important. In this study it was found that a primary contributor to the apparent

aforementioned biased estimation relies on the global-shape. A simple descriptor of this

shape was proposed, the global-shape ratio, in terms of the spectral accelerations at the

fundamental frequency, f0,  and at the softened effective frequency, fµ = f0 / µ1/2.

The effect of such shape is asymmetric; in an absolute sense, the above-unit valued

global-shape ratios have a stronger effect on ductility demands than their below-unit

valued counterparts leading the median ductility to be larger than that anticipated from a

record with unit shape value. Because spectrum matched accelerograms suppress the

natural variability that M-R bin records have in shape, the asymmetry has no effect on the

overall median ductilities. As a consequence the median ductilities that they produce are

biased low.
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Local variations (i.e. in the close vicinity of the fundamental elastic frequency) of the

spectral shape did not seem to have any major effect on the observed bias. However,

different descriptors of these local variations may need to be tested, to confirm this

finding.

The empirical observation of the observed bias for a large range of systems, permits the

correction of the estimate of the median ductilities, by the use of simple methods derived

in part from the spectrum-matched-based results. Some options are (1) by scaling the

records appropriately given a particular " µ = a Sa b " model (including the equal-

displacement model with b = 1), and (2) by simply correcting directly the estimate of

median demands observed. A third method proposed, which proved to be highly system-

dependent, allows for the modification of the target spectral shape, such that the

"corrected" spectrum compatibilized accelerograms directly allow the unbiased estimate

of the median demands to be computed. Correction curves were computed for a few

systems. However, these did not appear to show a useful pattern for allowing a

generalization of the correction for other systems not studied. Further, the scheme does

not always correct appropriately different response measures in the same system (e.g.,

global and interstory ductilities in a MDoF system). This is suggested by the differences

in bias in the factors observed in Figs. 3.27 through 3.32.

For the model proposed for the correction of the target, only a linear variation of the

"factor function" was considered. It could be argued, however, that different shapes of

such functions might influence differently the response that the records modified by them

would produce. Also, an improved global-shape parameter could be investigated, such

that the inclusion of the frequency-variation in global shape (perhaps by introducing, for

example, parameters such as a global-shape-curvature measure) is considered (involving

not only the end-point-computed parameter, fµ).

An analytic model for the expected asymmetry-effect, in terms of the under-prediction of

the median estimate by bin-median spectral shape compatibilization, was presented. It

reflects directly the effect of the asymmetry as well as the level of ductility (in terms of
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the softened frequency range) on this under-prediction. The model was tested with a few

systems, and captured part of the characteristics of the bias (the relative values), however,

under-predicted the empirically observed bias. The model, too, may benefit from the

improvement of the global-shape definition. A further improvement in the model may

consider the additional variability introduced by the finite-width M-R bin because the

model considered a variability associated to ideal single-scenario-event bins.
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Chapter 3 Figures.
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Figure 3.1a. Force deformation characteristics of the bilinear hysteresis model. The post-yield slope

considered is that of 3% of the elastic slope.
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Figure 3.1b Force-deformation characteristics of the pinching hysteresis, stiffness degrading model. The

post-yield slope considered is that of 3% of the elastic slope.  See Foutch, 1996, for examples of stiffness

degrading and pinching algorithms.
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Figure 3.2a-i. Contour plot for ductility bias (ratio of original to compatibilized medians) for the bilinear

hysteretic loop SDoF systems, 63 frequency-domain (RASCAL)-matched accelerograms. µD represents the

nominal design level. Data taken from Table 3.2a.



CHAPTER 3. SPECTRUM MATCHING.

106

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

1.25

1.3
Contour plot section at µ = 4

Frequency(Hz)

µ 
bi

as
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Figure 3.2b. Contour plot for ductility bias (ratio of original to compatibilized medians) for the bilinear

hysteretic loop SDoF systems, 63 time-domain (RSPMATCH)-matched accelerograms. µD represents the

nominal design level. Data taken from Table 3.2b.
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Figure 3.3a. Contour plot for ductility bias (ratio of original to compatibilized medians) for the pinching

hysteretic loop SDoF systems, 63 frequency-domain (RASCAL)-matched accelerograms. µD represents the

nominal design level. Data taken from Table 3.3a.
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Figure 3.3b. Contour plot for ductility bias (ratio of original to compatibilized medians) for the pinching

hysteretic loop SDoF systems, 63 time-domain (RSPMATCH)-matched accelerograms. µD represents the

nominal design level. Data taken from Table 3.3b.
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Figure 3.4a. Contour plot for normalized hysteretic energy bias (ratio of original to compatibilized

medians) for the bilinear hysteretic loop SDoF systems, 63 frequency-domain (RASCAL)-matched

accelerograms. µD represents the nominal design level. Data taken from Table 3.2a.
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Figure 3.4b. Contour plot for normalized hysteretic energy bias (ratio of original to compatibilized

medians) for the bilinear hysteretic loop SDoF systems, 63 time-domain (RSPMATCH)-matched

accelerograms. µD represents the nominal design level. Data taken from Table 3.2b.
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Figure 3.5a. Contour plot for normalized hysteretic energy bias (ratio of original to compatibilized

medians) for the pinching hysteretic loop SDoF systems, 63 frequency-domain (RASCAL)-matched

accelerograms. µD represents the nominal design level. Data taken from Table 3.3a.
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Figure 3.5b. Contour plot for normalized hysteretic energy bias (ratio of original to compatibilized

medians) for the pinching hysteretic loop SDoF systems, 63 time-domain (RSPMATCH)-matched

accelerograms. µD represents the nominal design level. Data taken from Table 3.3b.
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Figure 3.6a. Contour plot for the dispersion reduction ratios for ductilities (of original to compatibilized

medians) for the bilinear hysteretic loop SDoF systems, 63 frequency-domain (RASCAL)-matched

accelerograms. µD represents the nominal design level. Data taken from Table 3.2a.
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Figure 3.6b. Contour plot for the dispersion reduction ratios for ductilities (of original to compatibilized

medians) for the bilinear hysteretic loop SDoF systems, 63 time-domain (RSPMATCH)-matched

accelerograms. µD represents the nominal design level. Data taken from Table 3.2b.
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Figure 3.7a. Contour plot for the dispersion reduction ratios for ductilities (of original to compatibilized

medians) for the pinching hysteretic loop SDoF systems, 63 frequency-domain (RASCAL)-matched

accelerograms. µD represents the nominal design level. Data taken from Table 3.3a.
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Figure 3.7b. Contour plot for the dispersion reduction ratios for ductilities (of original to compatibilized

medians) for the pinching hysteretic loop SDoF systems, 63 time-domain (RSPMATCH)-matched

accelerograms. µD represents the nominal design level. Data taken from Table 3.3b.
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Figure 3.8a. Contour plot for the dispersion reduction ratios for normalized hysteretic energies (of original

to compatibilized medians) for the bilinear hysteretic loop SDoF systems, 63 frequency-domain

(RASCAL)-matched accelerograms. µD represents the nominal design level. Data taken from Table 3.2a.
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Figure 3.8b. Contour plot for the dispersion reduction ratios for normalized hysteretic energies (of original

to compatibilized medians) for the bilinear hysteretic loop SDoF systems, 63 time-domain (RSPMATCH)-

matched accelerograms. µD represents the nominal design level. Data taken from Table 3.2b.
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Figure 3.9a. Contour plot for the dispersion reduction ratios for normalized hysteretic energies (of original

to compatibilized medians) for the pinching hysteretic loop SDoF systems, 63 frequency-domain

(RASCAL)-matched accelerograms. µD represents the nominal design level. Data taken from Table 3.3a.



CHAPTER 3. SPECTRUM MATCHING.

121

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
2

3

4

5

6

7

8

2.5
3

3

3.5

44.5

5

5

5

5.5

5.5

6

Frequency [Hz]

sy
st

em
 d

uc
til

ity
 µ

D

Pinching System; Program: RSPMATCH; Contours: σ
ln(NHE)

orig

 \ σ
ln(NHE)

compat

Figure 3.9b. Contour plot for the dispersion reduction ratios for normalized hysteretic energies (of original

to compatibilized medians) for the pinching hysteretic loop SDoF systems, 63 time-domain (RSPMATCH)-

matched accelerograms. µD represents the nominal design level. Data taken from Table 3.3b.
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Figure 3.10. The concept of effective stiffness is computed based on the nonlinear displacement du, and the

force that causes it, Fu. The corresponding effective period is computed with this value of stiffness: Te = (m

/ Ke)1/2
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Figure 3.11. Parameters for computing shape and intensity effects. For f0 = 1Hz, and µ = 8, fµ = 0.35Hz. For

this particular record, relative to unity, the ratios are: RGSµ > 1 (global shape ratio); RLS < 1 (local shape

ratio. At f0, the spectral acceleration is at a "valley", although it still decreases a little before increasing

again with lower frequencies). Also, RSaMA0 < 1 (intensity ratio).
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Figure 3.12 Isolated intensity effects. The effect of scaling (i.e., either multiplying or dividing) the records

by the same factor causes the same relative effect. For this case, the "same effect" was that of either

increasing or decreasing by around 0.5 the value of ln(Rµc). The control set is the middle "cloud". The

system analyzed is the nominal ductility µD = 8, SDoF bilinear 1Hz system.
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Figure 3.13. a) Factor function for decreasing (in the direction of "softening", i.e., lower frequencies)

spectral accelerations. The maximum value is at 1.6, at 0.85Hz (the base of the triangular factor function is

0.3 Hz). b) Factor function for increasing spectral accelerations. The minimum factor is 1/1.6 = 0.625, at

0.85Hz. . c) Modified target with factor function from a). d) Modified target with factor function from b).
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Figure 3.14. Factor Functions for the study of isolated global-shape effect. These consider linear variations

of the factor, starting at unity for the elastic frequency (in this case, f0  = 1Hz), in the direction of softening.

The construction of these factor functions is such that at the softened effective frequency, considered here

at 0.35Hz, the value of the factor (FF(fµ)) is equal to the global shape ratio to be tested (RGSµc). a) FF(fµ) =

FF(0.35Hz) = RGSµc = 1.8; b) FF(fµ) = RGSµc = 1/1.8. In logarithmic terms, these ratios have the same

absolute values. c) Modified target with factor function from a); d) modified target with factor function

from b).  In section 3.7.1 the angle θ will also be used to characterize such factor functions.
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Figure 3.15. Isolated global-shape effects. The sought-after asymmetry can be seen by the difference in

relative "distances" of the different "clouds" to the control case (the middle "cloud"). The cloud on the

right-hand-side corresponds to RGSµc = 1.8, whereas the left-hand-side cloud corresponds to RGSµ c  = 1/1.8.

The regression returns the value of the slopes (i.e., the value of a2
+ and a2

-) of the lines passing through the

median values of the clouds; the slope is higher for the above-unit RGSµc (right-hand-side "cloud").
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Figure 3.16 New factor functions considered for the parametric study of Rµc vs. RGSµc . The value of the

factor function at fµ = f0 / (µD )1/2= 0.35Hz is equal to the values of RGSµc that were considered (i.e., 1.24,

1.4, 1.8, and their reciprocals). The corresponding angles are θ = {0.89, 0.55, 0.35, -0.29, -0.44, -0.60}rad.
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Figure 3.17. Variation of mean ln(Rµc) at different values of  ln(RGSµc) = ln(FF(fµ)). The single-parameter

regression coefficients a2
+ and a2

- correspond to the ratio: avg(ln(RGSµc)) / ln(Rµc) at each of the points

computed, and hence to the slope of the secant line. Shown dotted/dashed are the secant lines

corresponding to the highest and lowest global-shape ratio of RGSµc = 1.8 , 1/1.8 (which yield a2
+ = 0.623

for RGSµc = 1.8 and a2
- = 0.325 for RGSµc = 1/1.8 (see Table 3.20)). The system analyzed corresponds to the

low-resistance 1Hz SDoF oscillator.
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Figure 3.18. Correction-angle curves for the SDoF 1hz systems (low, medium and high resistance). The

corresponding ductilities for the uncorrected spectrum matched records were 7.02, 3.5, and 1.9

respectively. The vertical axis corresponds to the value of ln(Rµc), the log ratio of the median ductility

produced by the modified shape compatibilized records, to the median ductility produced by the original

shape (bin median spectral shape target) set of compatibilized records.
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Figure 3.19. Correction angle curves for interstory ductilities, 1Hz stick MDoF model, for the median and

low resistance systems. The uncorrected spectrum compatible records median ductilities were 3.75 and

6.58 respectively (from Table 3.21). The vertical axis corresponds to the value of Rµc, the ratio of the

median ductility produced by the modified shape compatibilized records, to the median ductility produced

by the original shape (bin-median-spectral-shape target) set of compatibilized records.
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Figure 3.20. Correction angle curves for global ductilities, 1Hz stick MDoF model; median and low

resistance systems. The uncorrected spectrum compatible records' median ductilities were 2.3 and 3.22

respectively. The vertical axis corresponds to the value of Rµc, the ratio of the median ductility produced by

the modified shape compatibilized records, to the median ductility produced by the original shape (bin-

median-spectral-shape target) set of compatibilized records.
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Figure 3.21. Correction angle curves for ductilities and displacement. Global and interstory ductilities are

considered for the 1Hz MDoF 2-D fixed frame, and displacement for the friction-pendulum based isolated

case. The uncorrected spectrum compatible records median ductilities were 3.9 (maximum interstory) and

2.3 (global), and the maximum displacement in the isolator was 8.4in. The vertical axis corresponds to the

logarithm of Rµc (or of Rdisplacement), the ratio of the median ductility (or displacement) produced by the

modified shape compatibilized records, to the median ductility (or displacement) produced by the original

shape (bin-median-spectral-shape target) set of compatibilized records.
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Figure 3.22. Correction angle curves for SDoF 4hz systems (low, medium and high resistance). The

corresponding ductilities for the uncorrected spectrum matched records were 6.6, 3.6 and 1.8 respectively.

The vertical axis corresponds to the logarithm of Rµc, the ratio of the median ductility produced by the

modified shape compatibilized records, to the median ductility produced by the original shape (bin-median-

spectral-shape target) set of compatibilized records.
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Figure 3.23. Correction angle curves for the 4Hz stick MDoF model. The uncorrected spectrum compatible

records' median ductilities were 3.3 (global) and 6.6 (maximum interstory) respectively. The vertical axis

corresponds to the logarithm of Rµc, the ratio of the median ductility produced by the modified shape

compatibilized records to the median ductility produced by the original shape (bin-median-spectral-shape

target) set of compatibilized records.
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Figure 3.24: Correction angles for all median resistance systems, µD ≈ 4 (see the corresponding median

ductilities in the previous captions). The SDoF curve for the 4hz case over-predicts the required angle,

whereas the SDoF curve for the SDoF system under-predicts all MDoF required angles.
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Figure 3.25 Required factor function to correct the bin-median target spectrum for unbiased estimates on

high interstory ductility of 1Hz systems. The factor is unit-constant for frequencies higher than f0 = 1hz.

The corresponding θ-angle is θ = 0.57rad
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Figure 3.26 Original target (bin median spectral shape) and modified spectral shape. By compatibilizing the

M-R bin records to the modified corrected shape, the accelerograms would allow us to generate nonlinear

response results that would permit us to compute an unbiased estimate of the median bin ductilities for

1Hz, high-interstory-ductility systems).
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Figure 3.27. g+ and g- functions for the SDoF, 1Hz systems: low, median and high resistances (i.e., µD = 8,

4 and 2). A single g+ function could potentially be considered for all cases.



CHAPTER 3. SPECTRUM MATCHING.

140

−0.8 −0.6 −0.4 −0.2 0 0.2 0.4
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

ln(R
GSµc

)

ln
(R

µc
)

o: interstory µ

+: global µ

1Hz MDoF stick; low resistance

Figure 3.28. g+ and g- functions for the MDoF, 1Hz systems: low  resistances (i.e., µDi ≈ 8). The high

apparent asymmetry in the global ductility may explain the corresponding high introduced bias (1.24). See

Table  3.24
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Figure 3.29. g+ and g- functions for the MDoF, 1Hz stick systems: median resistances (i.e., µDi ≈ 4). The

low apparent asymmetry in the global ductility may indicate a poor prediction of the bias introduced by

spectrum compatibilizing to the median bin shape. See Table  3.24
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Figure 3.30. g+ and g- functions for the MDoF, 1Hz 2-D fixed frame: median  resistances (i.e., µDi ≈ 4). The

apparent asymmetries (global and interstory) for this system appear to be higher than the ones that the 1Hz

stick model in Figure 3.29 showed. Although still low, the prediction model can capture this difference; the

actual introduced bias is in fact higher for this system, as can be seen in Table 3.24.
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Figure 3.31. g+ and g- functions for the SDoF, 4Hz systems: low, median and high resistances (i.e., µD = 8,

4 and 2). Unlike the 1Hz case, a single representative g+ function is not obvious. Notice that with respect to

the 1Hz systems the ductility ratios are higher for the same levels of global-shape ratios.
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Figure 3.32. g+ and g- functions for the MDoF, 4Hz stick system: median  resistances (i.e., µDi ≈ 4). The

global ductility curve (+) shows a larger asymmetry which is reflected in a larger bias introduction, with

respect to that of the interstory ductility, as can be seen in table 3.24.
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Chapter 3 Tables.

Freq.
µD = 2 µD = 4 µD = 8

[Hz] µm σlnµ NHEm σln(NHE) µm σlnµ NHEm σln(NHE) µm σlnµ NHEm σln(NHE)

0.20 2.00 0.77 3.20 1.31 4.00 0.76 10.90 1.26 8.10 0.78 39.10 1.22

0.25 1.90 0.71 2.90 1.37 4.00 0.71 11.20 1.23 8.10 0.73 36.90 1.29

0.40 2.40 0.64 4.30 1.41 4.10 0.66 13.10 1.30 8.10 0.68 40.70 1.13

0.70 2.20 0.72 4.40 1.26 3.90 0.73 13.90 1.12 8.10 0.73 42.80 1.18

1.00 2.10 0.71 3.10 1.37 4.00 0.76 12.00 1.42 8.00 0.80 46.00 1.06

1.40 2.00 0.67 3.00 1.52 4.00 0.72 11.90 1.35 8.00 0.76 42.20 1.15

2.00 1.90 0.59 3.10 1.50 3.90 0.69 13.00 1.21 8.10 0.78 47.20 1.10

3.00 2.20 0.62 3.80 1.58 4.10 0.69 15.40 1.28 8.00 0.79 45.50 1.41

4.00 1.90 0.64 2.30 1.82 4.10 0.74 12.90 1.53 7.90 0.82 48.60 1.11

5.00 2.00 0.71 3.20 1.87 4.00 0.84 14.00 1.54 8.00 0.90 47.30 1.23

Table 3.1a. Results for the bilinear hysteretic loop SDoF systems, 63 recorded accelerograms. µD represents

the nominal design level .(By nominal we mean that the systems were tuned, by varying their yield

displacement, such that the median responses were for all cases close to the corresponding nominal level).

Freq.
µD = 2 µD = 4 µD = 8

[Hz] µm σlnµ NHEm σln(NHE) µm σlnµ NHEm σln(NHE) µm σlnµ NHEm σln(NHE)

0.20 2.00 0.79 2.10 1.09 4.00 0.78 5.30 1.05 8.10 0.82 15.10 1.06

0.25 1.90 0.73 2.00 1.09 4.10 0.73 5.70 1.00 8.20 0.75 14.70 1.11

0.40 2.40 0.68 3.00 1.09 4.30 0.72 6.80 1.06 8.50 0.72 17.20 0.98

0.70 2.40 0.74 3.80 0.95 4.20 0.76 8.50 0.96 8.70 0.74 21.50 0.97

1.00 2.20 0.74 3.10 1.08 4.40 0.79 9.10 1.09 9.10 0.82 25.80 0.98

1.40 2.20 0.72 3.40 1.10 4.50 0.80 9.90 1.09 9.30 0.81 27.80 1.01

2.00 2.30 0.72 3.80 1.17 4.70 0.79 11.60 1.02 10.00 0.84 33.80 1.00

3.00 2.70 0.77 5.70 1.14 5.70 0.84 16.60 1.10 11.20 0.85 39.30 1.17

4.00 2.20 0.79 4.10 1.38 5.60 0.86 18.00 1.10 11.70 0.86 50.60 0.95

5.00 2.50 0.90 5.90 1.52 5.90 0.93 22.70 1.11 12.40 0.87 60.00 0.94

Table 3.1b. Results for the pinching hysteretic loop SDoF systems, 63 recorded accelerograms. µD

represents the nominal design level. The different SDoF (pinching hysteresis) models were generated based

on the yield displacements that the corresponding bilinear systems had, which causes the observed

ductilities to deviate from the nominal level. For example, the observed median ductility for the 1Hz, µD=4

system is actually µm = 4.4. This is due the fact that the yield displacement of the model was not tuned for

the median ductility to be 4.0, but rather the same yield displacement from the bilinear model was kept.



CHAPTER 3. SPECTRUM MATCHING.

146

µD = 2 µD = 4 µD = 8
Freq.
[Hz]

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

0.20 1.11 4.53 1.88 4.52 1.21 3.80 1.09 4.34 1.21 3.55 0.95 4.07

0.25 1.06 4.18 1.61 4.89 1.11 3.55 1.06 3.97 1.19 3.48 0.91 4.16

0.40 1.09 3.20 1.13 4.27 1.03 3.00 0.94 3.82 1.17 3.09 0.92 3.53

0.70 1.05 3.79 1.33 3.50 1.11 3.65 1.16 2.87 1.14 3.32 0.93 3.11

1.00 1.11 3.94 1.29 4.03 1.14 3.04 0.98 3.94 1.14 3.81 0.91 2.72

1.40 1.05 3.94 1.15 4.75 1.11 3.13 0.94 3.55 1.16 2.92 0.90 3.59

2.00 1.06 3.69 1.07 4.41 1.18 2.88 0.97 3.46 1.19 2.89 0.90 3.33

3.00 1.05 2.95 1.06 4.79 1.17 2.88 0.90 3.76 1.19 3.16 0.85 4.86

4.00 1.06 3.56 1.05 5.69 1.14 2.85 0.86 4.25 1.20 3.57 0.95 3.36

5.00 1.05 3.74 1.07 4.79 1.11 4.00 0.92 3.85 1.25 4.29 0.97 3.32

Table 3.2a. Bias and dispersion ratios (original to compatibilized) for the bilinear hysteretic loop SDoF

systems, 63 frequency-domain (RASCAL)-matched accelerograms. µD represents the nominal design level.

µD = 2 µD = 4 µD = 8
Freq.
[Hz]

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

0.20 1.00 3.67 1.33 4.09 1.05 3.04 0.75 4.20 1.13 3.90 0.68 4.07

0.25 1.06 3.74 1.61 5.07 1.14 3.09 1.01 3.51 1.31 3.84 0.86 4.30

0.40 1.09 3.05 0.93 4.41 1.03 3.00 0.79 4.06 1.09 3.58 0.80 3.65

0.70 1.00 3.43 0.96 2.86 1.08 2.61 0.88 2.49 1.09 2.92 0.75 2.95

1.00 1.17 3.94 1.11 2.80 1.21 3.80 0.83 2.90 1.18 2.96 0.83 2.36

1.40 1.05 3.94 1.11 3.71 1.18 3.13 0.92 2.81 1.25 3.04 0.86 2.61

2.00 1.00 3.93 1.11 3.49 1.26 3.45 1.04 2.57 1.25 4.11 0.97 2.39

3.00 1.10 3.65 1.12 4.16 1.14 3.29 1.03 3.12 1.29 3.43 0.97 3.36

4.00 1.06 3.76 1.10 4.44 1.21 3.08 0.97 3.64 1.27 3.73 1.08 2.92

5.00 1.05 4.44 1.19 4.07 1.18 3.65 1.04 3.28 1.29 3.75 1.11 3.00

Table 3.2b. Bias and dispersion ratios (original to compatibilized) for the bilinear hysteretic loop SDoF

systems, 63 time-domain (RSPMATCH)-matched accelerograms. µD represents the nominal design level.
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µD = 2 µD = 4 µD = 8
Freq.
[Hz]

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

0.20 1.11 6.08 1.62 5.74 1.21 4.88 1.08 6.56 1.19 4.56 1.01 5.89

0.25 1.06 7.30 1.43 4.95 1.21 4.56 1.12 6.25 1.22 4.41 1.01 6.94

0.40 1.04 4.86 1.07 4.95 1.08 4.50 0.96 5.89 1.18 4.80 1.04 6.13

0.70 1.09 4.93 1.23 2.57 1.08 6.33 1.05 3.56 1.09 4.35 0.96 5.11

1.00 1.10 6.17 1.11 3.27 1.10 5.27 0.98 4.19 1.08 5.13 1.00 3.77

1.40 1.10 5.54 1.13 3.33 1.13 4.21 0.95 3.89 1.07 5.06 0.97 4.04

2.00 1.15 6.55 1.00 3.34 1.12 4.39 0.98 3.52 1.09 4.20 0.96 3.85

3.00 1.13 5.13 0.95 3.56 1.19 5.25 0.92 3.67 1.13 4.72 0.91 4.33

4.00 1.10 6.08 0.91 4.31 1.14 4.78 0.87 3.55 1.15 4.78 0.98 3.39

5.00 1.04 5.63 0.84 3.71 1.05 5.17 0.86 3.47 1.14 4.83 0.97 3.13

Table 3.3a. Bias and dispersion ratios (original to compatibilized) for the pinching hysteretic loop SDoF

systems, 63 frequency-domain (RASCAL)-matched accelerograms. µD represents the nominal design level.

µD = 2 µD = 4 µD = 8
Freq.
[Hz]

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

µ bias µ 
σ bias

NHE
bias

NHE
σ bias

0.20 1.05 5.27 1.50 4.54 1.29 5.57 1.08 5.83 1.33 5.47 0.99 6.24

0.25 1.12 4.56 1.54 5.19 1.32 4.87 1.33 4.76 1.55 5.36 1.23 6.17

0.40 1.09 4.53 1.03 5.74 1.10 4.00 0.88 6.24 1.15 3.79 0.91 4.90

0.70 1.14 6.73 1.03 3.96 1.17 5.43 0.93 4.17 1.14 3.89 0.89 4.85

1.00 1.10 7.40 0.89 3.00 1.16 6.58 0.83 3.76 1.15 5.13 0.88 4.45

1.40 1.10 8.00 1.03 2.75 1.15 5.71 0.81 3.03 1.16 6.23 0.82 3.74

2.00 1.10 6.55 0.97 2.93 1.18 6.08 0.90 2.55 1.15 6.00 0.84 2.94

3.00 1.13 5.13 1.06 2.48 1.16 6.00 0.92 2.68 1.20 5.67 0.87 3.08

4.00 1.10 7.18 1.05 3.29 1.14 4.78 0.92 2.62 1.16 6.62 0.99 2.44

5.00 1.09 6.00 1.04 2.92 1.07 4.89 0.99 2.36 1.17 5.12 1.03 2.35

Table 3.3b. Bias and dispersion ratios (original to compatibilized) for the pinching hysteretic loop SDoF

systems, 63 time-domain (RSPMATCH)-matched accelerograms. µD represents the nominal design level.
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a) Global Ductility
Original RL rspM

µo σln(m) µo /µc σo /σc µo /µc σo /σc

1.14 0.61 1.01 4.87 0.96 3.70
1.95 0.59 1.17 3.80 1.08 3.11
3.91 0.71 1.26 3.91 1.15 3.08
5.86 0.79 1.28 4.47 1.12 3.54

b) Interstory Ductility
Original RL rspM

µo σln(m) µo /µc σo /σc µo /µc σo /σc

2.03 0.62 1.09 4.33 1.02 3.66
4.10 0.62 1.28 3.38 1.21 2.95
10.27 0.73 1.30 3.04 1.24 2.94
16.50 0.77 1.24 3.67 1.17 3.76

Bilinear hysteresis; 0.25Hz

Table 3.4 Bias (ratio of original records' median ductility to compatibilized records' median ductility

(denoted by µo /µc)) and dispersion reduction (σln(µ) from original records to σln(µ) from compatibilized

records (denoted by σo /σc)). a) Global ductility, and b) Interstory ductility, for the 0.25Hz bilinear system.

Results from frequency domain scheme (program RASCAL, RL) and time domain scheme (program

RSPMATCH, rspM).
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a) Global Ductility
Original RL rspM

µo σln(m) µo /µc σo /σc µo /µc σo /σc

0.70 0.59 0.94 4.72 0.94 4.52
1.25 0.53 0.98 5.13 0.96 5.65
2.57 0.61 1.12 3.04 1.19 3.94
4.00 0.69 1.24 3.31 1.29 3.46

b) Interstory Ductility
Original RL rspM

µo σln(m) µo /µc σo /σc µo /µc σo /σc

0.84 0.60 1.04 6.35 1.06 4.43
1.69 0.60 1.06 4.36 1.08 5.03
4.40 0.69 1.17 2.91 1.26 3.30
7.21 0.74 1.19 2.95 1.28 3.24

Bilinear hysteresis; 1.0 Hz

Table 3.5 Bias (ratio of original records' median ductility to compatibilized records' median ductility

(denoted by µo /µc)) and dispersion reduction (σln(µ) from original records to σln(µ) from compatibilized

records (denoted by σo /σc))) and dispersion reduction (σln(µ) from original records to σln(µ)  from

compatibilized records). a) Global ductility, and b) Interstory ductility, for the 1.0Hz bilinear system.

Results from frequency domain scheme (program RASCAL, RL) and time domain scheme (program

RSPMATCH, rspM).
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a) Global Ductility
Original RL rspM

µo σln(m) µo /µc σo /σc µo /µc σo /σc

1.90 0.55 1.06 4.60 1.12 4.46
4.38 0.79 1.32 3.83 1.34 3.80

b) Interstory Ductility
Original RL rspM

µo σln(m) µo /µc σo /σc µo /µc σo /σc

2.95 0.73 1.10 3.13 1.13 3.06
7.47 0.79 1.13 3.94 1.12 3.72

Bilinear hysteresis;   4.0 Hz

Table 3.6 Bias (ratio of original records' median ductility to compatibilized records' median ductility

(denoted by µo /µc)) and dispersion reduction (σln(µ) from original records to σln(µ) from compatibilized

records (denoted by σo /σc)). a) Global ductility, and b) Interstory ductility, for the 4.0Hz bilinear system.

Results from frequency domain scheme (program RASCAL, RL) and time domain scheme (program

RSPMATCH, rspM).
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a) Global Ductility
Original RL rspM

µo σln(m) µo /µc σo /σc µo /µc σo /σc

0.72 0.62 0.96 4.99 0.96 4.77
1.36 0.60 1.05 5.15 1.05 9.31
3.12 0.69 1.08 6.09 1.11 6.66
5.07 0.76 1.09 4.76 1.15 7.14

b) Interstory Ductility
Original RL rspM

µo σln(m) µo /µc σo /σc µo /µc σo /σc

0.86 0.64 1.07 6.78 1.09 4.58
1.85 0.66 1.09 4.58 1.15 4.76
4.82 0.71 1.10 3.36 1.19 4.76
8.18 0.74 1.17 4.23 1.28 4.29

Pinching hysteresis; 1.0 Hz

Table 3.7. "Bias" (ratio of original records' median ductility to compatibilized records' median ductility

(denoted by µo /µc)) and dispersion reduction (σln(µ) from original records to σln(µ) from compatibilized

records (denoted by σo /σc)). a) Global ductility, and b) Interstory ductility, for the 1.0Hz pinching system.

Results from frequency domain scheme (program RASCAL, RL) and time domain scheme (program

RSPMATCH, rspM).

original records Matched records (ratios)
system global interstory global interstory

µm σlnµ µm σlnµ µo/ µc σo/σ c µo/ µc σo/σ c

SDoF - - 4 0.76 - - 1.14 3.04

MDoF stick 2.57 0.61 4.4 0.69 1.12 3.04 1.17 2.91
MDoF 2D 2.9 0.83 4.6 0.6 1.24 2.13 1.18 3.16

Table 3.8 Comparison of the different 1Hz systems SDoF, 5DoF (a stick model), a MDoF 2-D frame,

bilinear hysteresis systems. Shown are the "biases" (ratio of original records' median ductility to

compatibilized records' median ductility), as well as the dispersion reductions (σln(µ) from original records

to σln(µ)  from compatibilized records). Only results for the frequency domain scheme-compatibilized

records are shown.
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isolator superstructure

records µ σln(µ) µ σln(µ)

original 5.79 0.78 0.82 0.39
RL 4.85 0.23 0.76 0.08

Ratios 1.19 3.4 1.08 4.9

Table 3.9. Median displacement ductilities and dispersions of the 2DoF Base isolated system (elastomeric

bearing) for the original set of records and the spectrum compatible set (RASCAL, denoted by RL).

isolator Superstructure

records d [in] σln d µi σlnµ µg σlnµ

original 10.1 0.92 1.8 0.58 1.15 0.61
compat'd 8.4 0.29 1.5 0.13 0.96 0.17

Ratios 1.2 3.2 1.2 4.5 1.2 3.6

Table 3.10. 2-D SMRF, base isolated (friction pendulum) system. Comparison of results for the 63 original

bin-records and the same (time-domain-scheme) compatibilized accelerograms.

R SaMA0 RGSµ RLS

R SaMA0 1.00 -0.28 -0.10
RGSµ -0.28 1.00 0.04
RLS -0.10 0.04 1.00

Table 3.11. Correlation matrix of the shape and intensity ratios (for the entire data set of original records).

Coefficients Standard
Error

Lower
95.0%

Upper
95.0%

Intercept -0.07 0.04 -0.15 0.02
a1 1.15 0.06 1.03 1.27
a2 0.54 0.08 0.38 0.69
a3 -0.27 0.33 -0.93 0.38

Table 3.12. Regression coefficients for a0, a1 and a2 for Eq. 3.15.
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R2 a1 SEE a2 SEE a3 SEE
R SaMA0 0.87 1.04 0.07 - - - -

RSaMA0, RGSµ 0.93 1.16 0.06 0.53 0.08 - -
RSaMA0, RGSµ , RLS 0.93 1.15 0.06 0.54 0.08 -0.27 0.33

Table 3.13 Incremental regressions for the entire data set. No further improvement to the model seems to be

added by the introduction of parameter RLS. The coefficient for RLS (i.e., a3) is not significant due to its high

standard error of estimation (SEE).

Rµ < 1.0 Rµ > 1.0
n = 29 n = 34
Coeff. SEE Coeff. SEE

a1 1.18 0.11 1.05 0.06
a2 0.41 0.14 0.66 0.08
a3 0.30 0.54 -0.72 0.32

Table 3.14. Regression of coefficients a1 through a3 for above- and below-unit Rµ subsets. n is the number

of records in each subset (which add to 63)

Rµ < 1.0; n = 29
a1

- SEE a2
- SEE a3

- SEE SSE
RSaMA0 1.09 0.11 - - - - 4.97

RSaMA0, RGSµ , 1.19 0.10 0.41 0.14 - - 3.72
RSaMA0 , RLS 1.08 0.11 - - 0.38 0.61 4.90

RSaMA0, RGSµ , RLS 1.18 0.11 0.41 0.14 0.30 0.54 3.68

Table 3.15: Incremental regressions for partial data set, corresponding to Rµ < 1. As was seen for the entire

data set case (Table 3.13) there was no obvious gain in adding the variable RLS. Do not confuse the

headings "SEE" (standard error of estimation) and " SSE"  (the sum of squares of the errors). The minus-

sign superscript on the coefficients (ai
-) refers to the below-unit normalized ductilities record set (i.e., those

with negative logarithmic values)
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Rµ > 1.0; n = 34
a1

+ SEE a2
+ SEE a3

+ SEE SSE
RSaMA0 0.98 0.10 - - - - 4.67

RSaMA0, RGSµ , 1.11 0.06 0.66 0.08 - - 1.56
RSaMA0 , RLS 0.92 0.11 - - -0.79 0.57 4.40

RSaMA0, RGSµ , RLS 1.05 0.06 0.66 0.08 -0.72 0.32 1.38

Table 3.16: Incremental regressions for partial data set, corresponding to Rµ  > 1. As was seen for the entire

data set case (Table 3.13) there was no significant gain in adding the variable RLS. Do not confuse the

headings "SEE" (standard error of estimation) and " SSE"  (the sum of squares of the errors). The plus-sign

superscript on the coefficients (ai
+) refers to the above-unit normalized ductilities record set (i.e., those with

positive logarithmic values).

Factor   (=
RSa0c)

n ln(RSa0c) σ ln(RSa0c) ln(Rµc)
(mean)

σ ln(Rµc) a1 SEE

1.6 63 0.47 0 0.454 0.16 0.97 0.04
1.0 63 0 0 0 NA NA NA

1/1.6 63 -0.47 0 -0.5 0.21 1.06 0.06

Table 3.17 Isolated intensity effects. As was expected from the results in section 3.6.1, no asymmetry was

found for the value of the coefficient a1. This is in agreement with the findings of Shome, 1999, because

normalization of records does not introduce bias in the estimate of median displacement demands. n is the

number of data points, which correspond to the number of compatibilized records.

Case (with
respect to
"softening"
direction)

n ln(Rµc)
(mean)

σ ln(Rµc) SEE

Increasing Sa 63 0.13 0.22 0.03
Decreasing Sa 63 -0.10 0.18 0.02

Table 3.18. Isolated local-shape effects. No apparent asymmetry can be identified for the local shape effect.

"Increasing" or "Decreasing" of Sa is in the direction of softening
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fµ µD control
µ

Case (with
respect to
softening
direction)

n ln(Rµc)
(mean)

σ ln(Rµc) SEE

0.5 4 3.47 Increasing Sa 63 0.17 0.22 0.03
Decreasing Sa 63 -0.12 0.17 0.02

0.707 2 1.94 Increasing Sa 63 0.10 0.16 0.02
Decreasing Sa 63 -0.06 0.14 0.02

Table 3.19. Local-shape effects; higher resistance systems. µD refers to the median ductility the systems

show when subjected to the unmodified bin records. "Increasing" or "Decreasing" of Sa is in the direction

of softening.

FF(fµ)
=

RGSµc

n ln(Rµc)
(mean)

σ
ln(Rµc)

a2 SEE

1.8 63 0.366 0.2 0.623 0.04
1.0 63 0 NA NA NA

1/1.8 63 -0.19 0.158 0.325 0.03

Table 3.20. Isolated global-shape effects. The observed response satisfies ln(Rµc) = a2 * ln(RGSµc); in other

words Rµc = µ / µ m = µ / 7.02 = RGSµc
a2 . As expected from the results obtained in section 3.6.1, the

asymmetry in the estimated coefficients a2 is evident: for the above-unit RGSµc = 1.8, a2
+ = 0.623 (compare

to a2
+ = 0.66 from Table 3.16) and for the below-unit RGSµc = 1/1.8, a2

- = 0.325 (compare to a2
- = 0.41 from

Table 3.15).

µD control
µc

FF(fµ) =
RGSµc

Case n ln(Rµc)
(mean)

σ ln(Rµc) a2 SEE

4 3.47 1.62 RGSµ>1 63 0.24 0.20 0.5 0.05
1/1.62 RGSµ<1 63 -0.12 0.14 0.25 0.04

2 1.94 1.36 RGSµ>1 63 0.13 0.14 0.41 0.06
1/1.36 RGSµ<1 63 -0.07 0.09 0.22 0.04

Table 3.21. Isolated global-shape effects on the higher resistance systems. µD refers to the median ductility

that the systems show when subjected to the unmodified bin records.
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SDoF MDoF
low

resistance
medium

resistance
high

resistance
Stick
low

resistance

Stick
medium

resistance

2-D fixed-
base

medium
resistance

2-D
Friction

Pendulum-
isolated

µg - - - 4.01 2.57 2.90 1.15
σlnµ - - - 0.69 0.61 0.83 0.61
µi 8.00 4.0 2.1 7.21 4.4 4.60 1.80

Real σlnµ 0.80 0.76 0.71 0.74 0.69 0.60 0.58

records isolator
[in]

- - - - - - 10.10

σln(d) - - - - - - 0.92
µg - - - 3.22 2.3 2.34 0.96

Original σlnµ - - - 0.18 0.2 0.39 0.17
target µi 7.02 3.5 1.9 6.04 3.7 3.90 1.50

spectrum- σlnµ 0.21 0.22 0.17 0.21 0.24 0.19 0.13
matched
records

isolator
[in]

- - - - - - 8.40

σln(d) - - - - - - 0.29
µg - - - 3.65 2.37 2.60 0.96

Modified σlnµ - - - 0.20 0.18 0.41 0.15
target µi 8.10 3.9 2 7.12 4.03 4.20 1.46

spectrum- σlnµ 0.23 0.22 0.18 0.21 0.21 0.18 0.13
matched
records

isolator
[in]

- - - - - - 11.48

σln(d) - - - - - - 0.24

Table 3.22 Comparison of  results of all 1Hz systems using the set of compatibilized records corrected for

the 1Hz, µD = 8, SDoF system. The correction is designed to produce an un-biased estimate of the median

ductilities that the 1Hz SDoF, low resistance system would display for a bin set of unmodified records. The

factor function used is the one that corresponds to FF(0.35Hz) = 1.4, in Figure 3.16.
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location bin-records
observed
median

response

bias θ
req'd
[rad]

system µ or d [in]
1Hz SDoF - 8.00 1.14 0.53

- 4.00 1.14 0.58
- 2.00 1.11 0.78

1Hz MDoF (stick) global 4.00 1.24 0.65
inter 7.21 1.19 0.57

global 2.57 1.12 0.81
inter 4.40 1.17 0.69

1Hz 2-D frame, fixed global 2.90 1.24 0.90
inter 4.60 1.18 0.90

1Hz 2-D Isolated (FP) isolator 10.10 1.20 0.30
4hz SDoF - 8.00 1.20 0.06

- 4.00 1.14 0.10
- 2.00 1.06 0.08

4hz MDoF (stick) global 4.40 1.32 0.14
inter 7.47 1.13 0.05

Table 3.23 Required angles for the modification of the bin-median spectral shape in order to remove the

bias observed by use of the bin-median shaped matched records. The bin-records' observed median

response reflects the system's resistance level. The values in the bias column correspond to the ratio of the

bin-records' median to the bin-median-shape-matched records' median, and were taken from Tables 3.2

through 3.10.
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system location

bi
n-

re
co

rd
s

ob
se

rv
ed

 m
ed

ia
n

re
sp

on
se

ratio estimation parameters

µ or d[in]

bi
as

ob
se

rv
ed

α+ β+ α-

bi
as

co
m

pu
te

d αl
+

bi
as

co
m

pu
te

d ∆α

1Hz SDoF - 8.00 1.14 0.14 0.82 0.35 1.07 0.55 1.04 0.20
- 4.00 1.14 0.41 0.20 0.30 1.04 0.49 1.03 0.18
- 2.00 1.11 0.26 0.46 0.31 1.01 0.38 1.01 0.08

1Hz MDoF (stick) global 4.00 1.24 -0.03 1.42 0.24 1.08 0.64 1.07 0.39
global 2.57 1.12 -0.11 0.87 0.28 1.00 0.25 1.00 -0.03
inter 7.21 1.19 0.30 0.71 0.44 1.07 0.63 1.04 0.19
inter 4.40 1.17 -0.10 1.45 0.46 1.04 0.50 1.01 0.04

1Hz 2-D frame, global 2.90 1.24 0.34 0.19 0.23 1.03 0.43 1.03 0.19
fixed inter 4.60 1.18 0.19 0.32 0.13 1.04 0.33 1.04 0.21

4hz SDoF - 8.00 1.20 1.23 0.25 0.81 1.10 1.35 1.10 0.54
- 4.00 1.14 0.28 1.95 0.81 1.05 1.09 1.04 0.27
- 2.00 1.06 0.58 1.24 0.58 1.04 0.89 1.03 0.31

4hz MDoF (stick) global 4.40 1.32 0.58 1.17 0.50 1.09 1.17 1.10 0.67
inter 7.47 1.13 0.86 0.37 0.76 1.05 1.04 1.05 0.28

Table 3.24. For the different models analyzed for Rµc vs. RGSµc, i.e., their g+ and g- functions (Figs. 3.27

through 3.32) the values of α+, α- , and β+ were obtained. Also, a linear fit was made for the function g+, for

which the value of αl
+ was obtained.  The two-parameter g+ , in general, works better. In general, although

the model presents lower bias predictions, the model is able to capture the relative variation of the

asymmetry effect.
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Appendix 3.A. Recorded Accelerograms Used in Chapter 3.

Event year mon
th

day M1 Station R2 [km] PGA [g]

1 Morgan Hill 1984 4 24 6.2 Coyote Lake Dam (SW Abut.) 0.1 0.71
2 Morgan Hill 1984 4 24 6.2 Gilroy Array #2 15.1 0.16
3 Morgan Hill 1984 4 24 6.2 Gilroy Array #3 14.6 0.19
4 Morgan Hill 1984 4 24 6.2 Gilroy Array #6 11.8 0.22
5 Morgan Hill 1984 4 24 6.2 Gilroy Gavilan Coll. 16.2 0.11
6 Morgan Hill 1984 4 24 6.2 Gilroy Array #7 14.0 0.19
7 Morgan Hill 1984 4 24 6.2 Hollister Diff. Array 28.3 0.09
8 N. Palm Springs 1986 7 8 6.0 Joshua Tree 29.8 0.05
9 Superstition Hills 1987 11 24 6.7 El Centro Imp. Co. Cent 13.9 0.36

10 Superstition Hills 1987 11 24 6.7 Wildlife Liquef. Array 24.4 0.18
11 Superstition Hills 1987 11 24 6.7 Westmorland Fire Sta. 13.3 0.17
12 Loma Prieta 1989 10 18 6.9 Agnews State Hospital 27.0 0.17
13 Loma Prieta 1989 10 18 6.9 Anderson Dam (L. Abut.) 21.4 0.06
14 Loma Prieta 1989 10 18 6.9 Anderson Dam (Downstr.) 21.4 0.24
15 Loma Prieta 1989 10 18 6.9 BRAN 10.3 0.45
16 Loma Prieta 1989 10 18 6.9 Capitola 14.5 0.53
17 Loma Prieta 1989 10 18 6.9 Coyote Lake Dam (Downst.) 22.3 0.16
18 Loma Prieta 1989 10 18 6.9 Gilroy Array #4 16.1 0.42
19 Loma Prieta 1989 10 18 6.9 Gilroy - Historic Bldg. 12.7 0.28
20 Loma Prieta 1989 10 18 6.9 Fletcher Dr 28.2 0.25
21 Loma Prieta 1989 10 18 6.9 Hollister - South & Pine 28.8 0.37
22 Loma Prieta 1989 10 18 6.9 Saratoga - Aloha Ave. 13.0 0.51
23 Loma Prieta 1989 10 18 6.9 Sunnyvale - Colton Ave. 28.8 0.21
24 Loma Prieta 1989 10 18 6.9 UCSC 18.1 0.31
25 Loma Prieta 1989 10 18 6.9 WAHO 16.9 0.37
26 Loma Prieta 1989 10 18 6.9 Saratoga - W Valley Coll. 13.7 0.26
27 Cape Mendocino 1992 4 25 7.1 Fortuna - Fortuna Blvd. 23.6 0.12
28 Cape Mendocino 1992 4 25 7.1 Rio Dell Overpass - F 18.5 0.39
29 Landers 1992 6 28 7.3 Coolwater 21.2 0.28
30 Landers 1992 6 28 7.3 Desert Hot Springs 23.2 0.17
31 Landers 1992 6 28 7.3 North Palm Springs 24.2 0.14
32 Landers 1992 6 28 7.3 Sunland - Mt Gleason Av. 151.1 0.03
33 Landers 1992 6 28 7.3 Morongo Valley 19.3 0.19
34 Landers 1992 6 28 7.3 La Crescenta - New York 147.9 0.02
35 Landers 1992 6 28 7.3 Big Tujunga, Angeles Nat. 144.3 0.03
36 Landers 1992 6 28 7.3 LA - N Westmoreland 159.2 0.04
37 Landers 1992 6 28 7.3 Yermo Fire Station # 24.9 0.25
38 Northridge 1994 1 17 6.7 LA - Century City CC 25.7 0.26
39 Northridge 1994 1 17 6.7 Tarzana-Cedar Hill Nursery A 17.5 1.78

Table 3.A.1. List of recorded accelerograms used in Chapter 3. Notes: (1) M = Moment Magnitude; (2) R =

Closest distance from fault-rupture to site.
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Event year mon
th

day M1 Station R2 [km] PGA [g]

40 Northridge 1994 1 17 6.7 LA - Chalon Rd 23.7 0.23
41 Northridge 1994 1 17 6.7 N. Hollywood-Coldwtr. Can. 14.6 0.30
42 Northridge 1994 1 17 6.7 Canoga Park - Topanga 15.8 0.36
43 Northridge 1994 1 17 6.7 LA - N Faring Rd 23.9 0.27
44 Northridge 1994 1 17 6.7 Fletcher Dr 29.5 0.16
45 Northridge 1994 1 17 6.7 Lake Hughes #12A # 22.8 0.17
46 Northridge 1994 1 17 6.7 LA - Hollywood Stor F. 25.5 0.23
47 Northridge 1994 1 17 6.7 Lake Hughes #9 26.8 0.17
48 Northridge 1994 1 17 6.7 Canyon Country - W Lost Cany. 13.0 0.41
49 Northridge 1994 1 17 6.7 Moorpark - Fire Sta. 28.0 0.19
50 Northridge 1994 1 17 6.7 Beverly Hills - 12520 20.8 0.62
51 Northridge 1994 1 17 6.7 Beverly Hills - 14145 19.6 0.42
52 Northridge 1994 1 17 6.7 Castaic - Old Ridge R 22.6 0.57
53 Northridge 1994 1 17 6.7 Glendale - Las Palmas 25.4 0.36
54 Northridge 1994 1 17 6.7 Sun Valley - Roscoe Blvd 12.3 0.30
55 Northridge 1994 1 17 6.7 17645 Saticoy St 13.3 0.48
56 Northridge 1994 1 17 6.7 Stone Canyon # 22.2 0.25
57 Northridge 1994 1 17 6.7 Santa Susana Ground # 19.3 0.28
58 Northridge 1994 1 17 6.7 Santa Monica City Hal 27.6 0.88
59 Northridge 1994 1 17 6.7 LA - Saturn St 30.0 0.47
60 Northridge 1994 1 17 6.7 Pacific Palisades - S 26.2 0.47
61 Northridge 1994 1 17 6.7 Topanga - Fire Sta # 23.4 0.36
62 Northridge 1994 1 17 6.7 Vasquez Rocks Park # 24.2 0.15
63 Northridge 1994 1 17 6.7 Hollywood - Willoughb 25.7 0.14

Table 3.A.1 (cont.). List of recorded accelerograms used in Chapter 3. Notes: (1) M = Moment Magnitude;

(2) R = Closest distance from fault-rupture to site.
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Appendix 3.B. Structural Details.

The structural details for the structures considered in Chapter 3 are as follows, for the

different systems considered:

1) SDoF systems. Oscillators were designed arbitrarily modifying masses and stiffnesses

in order to tune the frequency of vibration. The yield displacements were adjusted in

order to produce the desired median ductilities.

2) MDoF stick models. The 1Hz, 5-DoF stick system was based on the design of a 5-

storied, 4-bay SMRF model (see details in Shome, et al, 1997).  A step-by-step static

nonlinear pushover analysis provided the parameters for the bilinear backbone. In order

to produce the 0.25Hz and the 4.0Hz systems, the masses considered for the 1Hz system

were scaled.  The configuration and the parameters (for the 1Hz system) considered are

as follows

Figure 3.A.1 Spring-mass configuration for MDoF stick-models.
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δyi Ki Kpi mi

Story [in] [k/in] [k/in] [ks2/in]
1 1.2 302 24 0.58
2 1.8 182 19 0.58
3 1.7 169 15 0.58
4 1.6 148 10 0.58
5 1.6 112 8 0.24

Table 3.B.1. Parameters used for the MDoF model of the 1Hz stick systems

3) Two dimensional MDoF frame. The model was taken from Barroso, 1999. It

represents a 3-story SMRF ductile 1Hz system designed as part of the SAC steel project

for the Los Angeles area. The frame consists of three fully moment-resisting bays and

one simply-connected bay (see Figure 3.B.2). The expected yield strength for the

columns' steel was 57.6ksi, and for the beams' steel was 49.2ksi. The column and beam

sections are shonw in Table 3.B.2.

Figure 3.B.2. Configuration of the two-dimensional SMRF used in Chapter 3 (for further details see

Barroso, 1999).
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Beams Columns

type section type section

a W24x68 e W14x257

b W21x44 f W14x311

c W30x16 g W14x68

d W33x118

Table 3.B.2. Column and Beam sections for the 2-dimensional SMRF used in Chapter 3.
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Chapter 4

A Direct Probabilistic Seismic Design

Procedure

4.1 Introduction.

A design procedure is presented for structures in a seismic environment, which ensures

that a prescribed probability of failure is met. The proposed approach is a "top-down"

approach in that, starting from an appropriate failure-level ground motion intensity, a

value for a specific gross measure of the behavior of the structural configuration is

assumed (and subsequently verified). This measure spans from the highly nonlinear

domain at failure down to the elastic domain, permitting one to establish site and

structure-specific (lower) design-level loads for detailed sizing in the conventional

manner (e.g., via typical, linearly based Working Stress Design or Load and Resistance

Factor Design based codes). In general, traditional design schemes are, in contrast,

“bottom-up”, starting with a standard annual-probability-based ground motion intensity

for the member-sizing level, and, at best, checking via nonlinear dynamic analysis to see

if the failure probability achieved is satisfactory.

First, the methodology will be presented, and then its application will be exemplified in

order to illustrate and clarify it (with a three dimensional model of an offshore steel

jacket). For transparency, detailed issues that may arise in the implementation of the

method are discussed in appendices to this chapter and in Chapter 5. For example, the
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best seismic intensity to consider, and the most appropriate response to observe; these are

problems that need to be addressed in the three-dimensional case. The focus here,

however, is on the method itself.

Traditional structural seismic design schemes have considered the actions that could be

related to a single earthquake design level. These schemes introduce a major

inconsistency in terms of the probability of failure for systems designed in different

seismic regions, even though the different region-based design level earthquake loads

consider adequately the respective seismic environments. Due to the differences in the

overall seismic hazard (which can be characterized, for example, by a hazard curve like

that of Fig. 4.1) for two regions, the ground motions that are likely to be associated to

failure level intensities, may have very different return periods. Even though the design

loads might have had the same return periods, the previous fact may be reflected in

potentially very different probabilities of failure.

Current typical building design provisions define earthquake design levels as ground

motions associated to a probability of exceedence (PE) of 10% in 50 years (or,

equivalently, a 475 year mean return period) (e.g., SEAOC, 1996). The corresponding

seismic forces to consider are permitted to be reduced to allow for the consideration of

energy dissipation due to structural nonlinear behavior. Other than for such reduction,

such postelastic behavior is not explicitly considered in the sizing. It isn't even always

tested or verified by nonlinear structural analyses. Typically, the assumption on the force

reduction given a ductile behavior (provided for example, by appropriate detailing) will

be considered valid.

Current trends recognize the need to quantify the response at higher ground motion

levels: those related to less frequent but stronger intensities. For example, current bridge

design criteria (e.g., ATC-32, 1996), have evolved in the past ten years from the single

10% in 50 year consideration (ATC-6, 1986). The former recommends that member

sizing be made taking into account the less frequent Safety Evaluation level ground

motion which is defined "probabilistically as an earthquake with a 1000- to 2000-year
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return period" (or a PE of 2.5 to 5% in 50 years). At the lower level, the more frequent

Functional Evaluation level loads (with return periods around 100 years, or PE of 40%-in

50 years) are assumed to be adequately resisted by ordinary bridges.

For fixed offshore structures, recommendations for seismic design are by means of the

lower return period ground motion (200 years in this case or PE of around 20% in 50

years), namely, the Strength Level Earthquake (SLE) (API, 1993). Such recommendation

will, however, require that ductility assumptions do indeed hold for the "rare, intense

earthquake without collapsing". They require that sufficient reserve strength for the

structure be verified, which is done with the strong and infrequent Ductility Level

Earthquake (DLE) (with average return periods in the range of a few thousand years

(Bea, 1995)).

The actions to consider for design are associated with fixed probabilities of exceedence

of the ground motion. In contrast to these previous procedures, the method that is

described here prefixes a probability of response of the structure itself. This takes into

account both its uncertain seismic environment, and its response to the irregular ground

shaking. In what follows it is presumed that the topology and global geometry of the

structure to be designed have been selected.

4.2 Methodology.

The criterion of failure for the design scheme proposed is defined here as the event where

a particular deformation of the structure exceeds a certain limit; that limit is the

deformation "capacity". The value of Pt is the starting point from which one can derive a

related target intensity-capacity (i.e., in terms of the ground motion) of the structure, and

subsequently an initial design parameter for sizing the structure such that the goal is

likely to be met. The process is done in two stages: the first involving a design based on

preliminary trial parameters for representing the global behavior of the structure, and the
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second stage consisting of verifying that the detailed design meets the target Pt and

modifying the structure if it doesn't.

For the first stage, initial (preliminary) values for the parameters that represent the global

behavior of the structure, responding to the site's seismic environment, are chosen. Such a

seismic setting can be described in terms of a seismic hazard curve associated with a

spectral acceleration at a particular reference frequency, which for this study will be

taken at or near the fundamental frequency of the structure.  Thus, one (trial) parameter

required is the fundamental frequency, f0, of the structure, in order to select the

appropriate hazard curve to use. For these purposes the value of f0 can be estimated

sufficiently adequately by past experience (e.g., for a fixed jacket with known

configuration in a given water depth, a building with a known structural system and given

height, etc.; it is common to find empirical equations for this value in current codes).  The

response of the structure to the environmental actions (described in terms of the spectral

acceleration) can be represented adequately by an appropriate scalar value. For example,

for the illustration presented in section 4.3 this scalar was chosen to be the offshore

jacket's deck maximum displacement (dmd) in either direction (see Appendix 4.A for a

further discussion on this selection). For buildings the maximum interstory displacement

is the logical candidate.

In a manner that will become apparent later, the target probability of failure is linked to a

sought-after capacity of the structure, a capacity represented in terms of the seismic

intensity measure, the spectral acceleration1 at f0. The (capacity) spectral acceleration is

the one we will calibrate the structure to, so we call it the "target spectral acceleration

capacity", Sact. Such a capacity can be understood in a dynamic sense: it is the spectral

acceleration of a seismogram that is "expected" in some sense (to be more carefully

defined below) to cause the structure to be on the verge of failure.

                                                
1 Equivalently, this might be expressed in spectral displacement terms, Sd = Sa /(f0

2 (2π)2). Spectral
acceleration is perhaps to be preferred for traditional force-based design schemes.
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To reach the bottom of the top-down design procedure, where a design spectral

acceleration, Sad, is proposed, one needs to have a preliminary estimate of the reserve

"strength" of the structure from design level up to failure level, in terms not of force but

of spectral acceleration (i.e., in a dynamic sense).  In the fixed offshore structures wave

design realm, there is an analogous quantity, in terms of base shear force: the Reserve

Strength Ratio, RSR (as defined, for example, in Stahl, et al, 1998). We will denote this

spectral acceleration reserve strength by ρSa. This parameter will allow us to deduce a

spectral acceleration for sizing from the target spectral acceleration capacity, Sact, i.e., Sad

= Sact / ρSa .The estimation of ρSa will is discussed below.

A less sensitive third assumption needed is related to the particular way the probability of

the structure's failure is computed, and to how the target spectral acceleration capacity,

Sact, is deduced from the target probability of failure. The probability of failure is the

annual likelihood that the structure's maximum dynamic response exceeds the capacity.

This probability can be expanded (by the familiar total probability theorem) into an

integral over the product of the probability distribution of the ground motion intensity

and the conditional distribution, given intensity, of the structure's dynamic response. This

can be seen as a random variable given the input spectral acceleration. If this input-to-

response relationship were deterministic, then the probability of failure could be

identically described either by the probability of the response exceeding capacity, or by

the probability of the spectral acceleration exceeding the spectral acceleration

corresponding to such capacity. In the more general random intensity-to-response case,

however, the probability of the structure to fail can be conveniently decomposed into the

product of (1) the probability of exceedence of a median or similar such central estimate

of the ground spectral acceleration that causes failure (such probability being given by

the hazard curve evaluated at this value), and (2) a correction factor that takes into

account the aforementioned randomness in the relationship between the response and the

ground motion (Cornell, 1995) (described in more detail ahead, Eq. 4.10). The value of

this correction factor, which we will refer to as Cf, will also be estimated a priori, and

then confirmed or re-evaluated at a second step.
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In the subsequent sections it will become apparent how these estimates are utilized in

generating the important first iteration of the design. Once this first sizing is completed,

compliance with the target probability of failure needs to be verified. If the desired

performance is not met then the structure is modified until it is, either by trial and error or

iterating the procedure using more informed (updated) estimates of the various factors.

4.2.1 First Iteration: Original Design.

The first trial value needed, the value of first modal frequency, f0, will allow us to collect

the appropriate seismic hazard information. This will be in terms of a hazard curve,

describing the exceedence probability for any level of the spectral acceleration associated

with the fundamental frequency of the structure.

As mentioned earlier, the target probability of failure is the starting point to determine a

capacity of the structure we are aiming for, in terms of spectral acceleration. For the

moment, let's assume we already know what the spectral acceleration capacity of the

structure ought to be, in order to explain how the design parameter is computed.

The sizing of structural elements can also be done in terms of a spectral acceleration,

which we will call the design spectral acceleration, or Sad. Such a value is customarily

used in conjunction with a design spectrum, for elastic response spectrum analysis, by

scaling the design spectrum to have the same value as Sad at the structural frequency f0.

Alternatively, it could be used in linear dynamic analyses, scaling appropriate

accelerograms in a similar manner. Hence, once the value of Sad is determined we have

the means for generating our original design. Clearly, Sad is a fraction of the capacity Sac,

and can be related to it by a factor, the dynamic reserve strength ratio, ρSa, as given by

the following relationship:

Sacd SaSa ρ/= . (4.1)
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The reserve strength ratio is a property of the structure; it should reflect the ability of the

structure to perform adequately in the nonlinear range. Such ratio is related to the design

method (e.g., WSD or LRFD), to how efficient the design was made (e.g., how close the

members' interaction ratio values were to 1.0), and to a lesser extent, to how the internal

actions were found, e.g., whether the chosen analysis scheme was an elastic dynamic

analysis or simply response spectrum based. The initial trial value of ρSa may perhaps be

estimated simply from engineering experience.

The ρSa ratio is in spectral acceleration terms; the designing engineer is likely, however,

to feel more comfortable estimating relationships among displacements. An alternative

approach to estimating the value of ρSa relies on establishing an approximate functional

relationship between the displacement response of the structure (e.g., a maximum

offshore platform deck displacement, or an interstory building drift, etc.) and the spectral

acceleration. In a median sense (since the response of the structure will be in general

somewhat different for different time histories used in the dynamic analyses) we can

adopt a convenient functional form (analogous to Eq. 3.16):

b
med Saa=δ , (4.2)

in which δmed is the median maximum response given ground motions of intensity Sa, and

a and b are empirical constants. We can use this relationship to deduce the ρSa from the

ratio of the displacement capacity to the design displacement. Such a displacement ratio

is best thought of as being the product of two factors, one representing the linear range

and the other the post-elastic response range. The latter is the familiar (system) ductility

factor, µ (the ratio of capacity displacement, δc, to yield displacement, δy). It is the most

prevalent coefficient used to characterize and compare the seismic "robustness" of

different systems. Therefore it is presumed that this may be the preferred starting point

for trial estimates. The capacity ductility will be denoted µc. Besides µc, we need the ratio

between the effective elastic limit displacement (i.e., the displacement at the onset of a
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significant non-linear force-deformation dependence), and the displacement at the design

level loads. This relationship is commonly better understood in terms of forces; for a

linear system it just equal to the base shear at first yield divided by the base shear at the

design level, and will be denoted by N. The value of N is typically between 1.0 (the lower

bound value) and 1.5 depending on the design code employed and the efficiency of the

design.

The capacity to design level displacement ratio is the product µc * N:

Ncdesignyycdesignc ∗=∗= µδδδδδδ )/()/(/ , (4.3)

or, using Eq. 4.2,

b
Sa

b
dcdesignc SaSa ρδδ == )/(/ , (4.4)

yielding:

b
cSa N /1)( ∗= µρ . (4.5)

In order to compute the value of ρSa, we need then to use estimates of the values of µc, N

and the exponent b. The value of b in Eq.4. 2 is of course simply unity if, as is commonly

observed in simple ductile oscillators in period ranges above 0.5sec (Chopra, 1995), the

inelastic displacements are approximately equal to the displacements of the

corresponding elastic oscillator. This may be a reasonable value for initial trial purposes.

Experience with MDoF systems has shown that this factor may range from about 0.7 to

1.5.

Finally, whether ρSa is estimated directly from experience or via Eq. 4.5, we can compute

the design parameter from the target capacity from Eq. 4.1. Repeating,
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Sacd SaSa ρ/= .      (4.1, 4.6)

Returning to the capacity sought for the structure, it can be recognized that it will depend

directly on the specified level of the target failure probability, Pt. Hence, it can be

thought of as a target spectral acceleration capacity, or Sact. As mentioned earlier, if the

structural dynamic response were deterministically given to us by a relationship such as

Eq. 4.2, we could directly compute its value by using the appropriate hazard curve and

the target probability of failure, Pt. The computation of probability of failure can be

written for this hypothetical case as:

][][][][ cc
b

c
bcf SaHSaSaPSaaSaaPPP =>=>=>= δδ , (4.7)

where H[y] (the spectral acceleration hazard curve) is the probability that the ground

motion intensity (represented by spectral acceleration, Sa) exceeds the value y. Here Sac

is the spectral acceleration that causes the structure to reach its displacement capacity.

Setting the probability of failure to the prescribed target, and using the previous equation

inversely, we can solve for the target spectral acceleration capacity required to meet Pt:

][1 PtHSact
−= . (4.8)

Here H-1 is the inverse of the function H[y], i.e., H-1[Pt] is the spectral acceleration

exceeded with probability Pt. Thus, combining equations (4.6) and (4.8), for this

simplistic case the design level spectral acceleration to be used for member sizing would

simply be:

Sad PtHSa ρ/][1−= . (4.9)
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This may be considered to be a first-order estimate of Sad. The computation of the

probability of failure and subsequently of Sact and Sad can, however, be refined to a

second-order approximation by including the randomness in the response and in the

displacement capacity.

As mentioned above, the computation of the probability of the structure to fail can be

conveniently decomposed into the probability of the capacity target spectral acceleration

to be exceeded, H[Sac], multiplied by a correction factor, Cf. This factor carries

information on the level of dispersion of the displacement response given the level of the

ground motion intensity and the uncertainty on the capacity itself, as well as the

sensitivity of the response to the ground motion. The more general computation of the

probability of failure can be written therefore in the following way:

CfSaHPPP ccf ntdisplacemecapacityntdisplacemedemand ∗==>= > ][][][ δδ . (4.10)

Previous empirical knowledge of the value of Cf can provide for a good estimate. Such

values can typically range from 1.2 to 3.5 (see Cornell, 1995). Also, an estimate of Cf can

be analytically computed by an approximate approach (see Appendix A), via the

following equation:

])(
2
1[ 20

b
K t

eCf
σ

= , (4.11)

in which K0 is the slope (in a region surrounding the target probability of failure) of the

hazard curve in a log-log-scale (Fig. 4.1); b is the estimated exponent of the median

displacement given spectral acceleration, as described by Eq. 4.2; and

222
ct δδ σσσ += , (4.12)

in which σδ is the standard deviation of the natural logarithm of the maximum response

given spectral acceleration and σδc is the standard deviation of the natural logarithm of
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the displacement capacity. These standard deviations are approximately equal to the

coefficients of variation (c.o.v.) of these random quantities.

These last equations allow us to arrive at an analytic estimate of the value of Cf, provided

we assume values for b and σt (or σδ and σδc), and by finding an appropriate value of K0

from the corresponding hazard curve. Eq. 4.11 has been derived by approximating the

hazard curve H[y] by a linear function in logarithmic space, using the slope of the curve

in the region of failure (near Sac), as well as considering lognormal distributions for the

displacement capacity and for the displacement given spectral acceleration of the ground

motion. (See Appendix A for a derivation).

It is worthwhile noting that including such a correction factor is effectively only a

second-order refinement in that it will normally not dramatically change the value of the

target spectral acceleration capacity sought. We can see this in terms of the hazard curve

slope, K0. For representative relatively small values of σt (e.g., 0.3 to 0.4), and for values

of b close to unity, the value of Cf increases exponentially in K0
2, e.g., about exp(K0

2 /20).

Under the assumed linear approximation in logarithmic space of the hazard curve,

however, the implied effect on the target spectral acceleration is only exp(K0/20). For

typical values of K0 (e.g., 2 to 4) this is a factor of only 1.1 to 1.2. The second-order

estimate is only about 10% to 40% larger than the first-order estimate. In particular, the

target spectral acceleration is insensitive to uncertainty in the estimates of σt, K0 and b.

Therefore, one might simply choose to use the first order estimate (i.e., Eq. 4.9) increased

by 25%.

As done previously, by setting the probability of failure to the prescribed target, and

using Eq. 4.10 inversely, we can solve for the target spectral acceleration capacity

required to meet Pt:

]/[1 CfPtHSact
−= , (4.13)
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and finally, the design spectral acceleration can be computed as before by using the

reserve strength ratio:

SaSactd CfPtHSaSa ρρ /]/[/ 1−== . (4.14)

This was our objective. This value can be used as the level of a traditional design

spectrum. One can use it for a response-spectral based structural analysis, or as a basis to

scale the record(s) to use for a linear dynamic analysis. Consistent with this design level,

member sizing should be based on conventional guidelines (e.g., API RP-2A, UBC, etc).

It should be noted that, in contrast to Sact, Sad may be somewhat sensitive to uncertainty

in the estimate of b (if the ρSa is determined via Eq. 4.5). A mis-estimation of Sad may

affect the gross first-trial member sizes, but it will have a lesser effect on relative member

sizes. Any such mis-judgements in these first trial values will be identified in the

subsequent analyses of the trial design. Also noteworthy is the fact that this spectral

intensity may be related to return periods not typical of the design-level earthquake (for

example H[Sad]  1/200 , the value that API, 1993, would suggest).

4.2.2 Subsequent Iterations : Updated Information.

Once the original design is completed the most important verification needed to be made

is that of the compliance to the desired performance. In this case this is defined by the

failure probability. If the probability of failure is not that of the target, the design may

need to be adjusted.

Computation of Pf can be a difficult task. However, various simplifications can be made

in order to find an estimate with reasonable effort. For example, as mentioned above, the

factor Cf in Eq. 4.11 to be used in the computation of probability as described by Eq.

4.10, was derived by making some of these simplifications.



CHAPTER 4. A DIRECT PROBABILISTIC SEISMIC DESIGN PROCEDURE.

176

The median response of the structure was considered to be described by Eq. 4.2. The

parameters of such a relationship can be obtained by performing nonlinear dynamic

analyses on the structure at various levels of spectral acceleration. For a fixed level of

intensity (Sa), the response of the structure will vary for the different ground motion time

histories employed in the analysis. It is reasonable to assume that, given the spectral

acceleration of the input, the response of the structure is lognormally distributed (Shome

et al, 1998) and that in a median sense Eq. 4.2 holds. A simple linear regression of the

logarithm of the response on the logarithm of the spectral acceleration of the ground

motion will provide us with estimates of the required parameters, based on the following

transformation of Eq. 4.2:

)ln()ln()ln( Sabamed +=δ . (4.15)

Given the typical level of record-to-record dispersion about this regression line (i.e., more

or less 30 to 40%) one would prefer to have on the order of 10+ "data" points to estimate

a' = ln(a) and b. When the nonlinear analyses are resource intensive, engineering

experience can be used to allow the regression to be performed based on an even smaller

set of runs. The value of the slope b can be reasonably assumed, so only a few runs

(about 5) can permit us to find the missing value of a. Another result given to us by the

regression is an estimate of the dispersion, σδ, which is defined as the standard deviation

of ln(δ). Such a small sample result, however, has a wide confidence interval, and hence

should be used with care. Previous experience should also guide us in the estimation of

this parameter when only a few data points are used in the regression. As discussed,

however, this estimate affects only the "second-order" factor Cf.

Since we are ultimately interested in the near-failure behavior of the structure, we can

perform the nonlinear runs with records having spectral accelerations around the

computed value of Sact, where failure is expected to occur. Recall that Sact is relatively

insensitive to the trial parameter estimates. One can use a different record at each of

several Sa values in this region of interest, or multiple scaled levels of each of several

records. A criterion for the selection of records can be based on choosing those from
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events with a magnitude and distance combination that contributes most importantly to

the hazard at Sact (e.g., McGuire, 1995, Bazzurro and Cornell, 1999).

It is also assumed here that, independently from the value of the displacement given

spectral acceleration (i.e., the displacement "demand"), there is a random value of the

displacement capacity, considered to be lognormally distributed. This random variable

(δc) is described by a median value, δcm, and the standard deviation of the logarithm, σδc.

(used in Eq. 4.12). Lacking today better options, the value of the median δcm can be

reasonably estimated from inspection of the results of a nonlinear static "pushover"

analysis (e.g., as described for bridges in ATC-32). Once again, engineering experience

will provide us with a sensible value of the dispersion, taking into account not only the

variation of the capacity of the structure, from (a real) event to event, but also the fact

that the median value was estimated from a static approach, and not a dynamic one.

A first-order check to verify that the target probability of failure constraint has been met

can be done in terms of confirming that the median displacement associated with the

target spectral acceleration is in fact lower than the median displacement capacity. If the

nonlinear dynamic runs are all performed exactly at the target spectral acceleration

capacity, then the median observed displacement can be directly compared to the median

capacity; otherwise, solving for the median displacement by means of Eq. 4.2 evaluated

at Sact, with the selected value of b, and the regressed value of a, will allow us to perform

such a comparison. It is worth mentioning that in terms of this first-order check, the

selection of the value of b is not critical. Because these runs have been made with Sa

values at or near Sact the regression will adjust the value of a to the data accordingly, as

will be seen in the next section's example.

With the information gathered thus far, the computation of the probability of failure can

be written out in terms of an integral, using the total probability theorem:
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where fSa is the (absolute value of the) derivative of the hazard curve, and represents the

probability density function of spectral acceleration. Because ln(δ) is normally distributed

given spectral acceleration, and is independent of the also normally distributed ln(δc),

their difference is also normal, so the integrand reduces to a cumulative normal density

with standard deviation, σt, given by Eq. 4.12,  multiplied by the density function of the

spectral acceleration.

The probability of failure can now be computed numerically with Eq. 4.16 or it may be

estimated analytically under the assumptions in Appendix A, which can be written as:

CfaHP b
cmf ])/[( /1δ= , (4.17)

where Cf is given by Eq. 4.11. The value of σt may have been updated based on the

observed scatter about the regression discussed above. The argument in H[.] corresponds

to the value of Sa that would cause a  median displacement with a value of  δcm.

By definition of the problem, it is required that Pf be less or equal than Pt. If this is not

the case, then the structure needs to be improved from a reliability point of view. This

means that either the displacement demands on the structure need to be reduced, or the

displacement capacity needs to be increased, or a combination of both needs to occur.

Displacement-based redesign is not a straightforward task. Increasing the force capacity

typically also increases the stiffness, which has a counteracting effect on the yield

displacement capacity. Increasing the stiffness typically does, however, reduce the elastic

displacement demand for moderate to long period structures. This depends somewhat on

the spectral content of the records. If the original design's analysis, which should include

a static (nonlinear) pushover as well as the dynamic analyses, suggests that only one or

two components (braces, piles, etc) are failing significantly prior to others, then they
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alone might be reinforced accordingly. This can increase yield force capacity "faster"

than it increases stiffness. The net effect of such local strengthening on the post-yield

displacement capacity is, however, still more difficult to predict.

One global approach to displacement-based re-design to consider is based on the same

general scheme discussed above. It requires computation of an updated design spectral

acceleration, Sad'.  Such a design parameter is computed in the same way the original

value was computed using, however, not the initial empirical/trial values in equations

(4.13) and (4.14) of the correction factor, Cf, and the dynamic reserve strength, ρSa, but

the actual implicit values found from analysis of the first design of the structure.

The actual capacity of the structure can be expressed in terms of spectral acceleration,

which will be denoted by Sac0; it is obtained by solving for the spectral acceleration in

Eq. 4.2, using the corresponding displacement capacity found in the static nonlinear

pushover analysis.  The result is Sac0 = (δcm / a )1/ b which is just the argument of H[.] in

Eq. 4.17. Note that if the Pf has been obtained by numerical integration rather than by Eq.

4.17, we can solve for the implicit correction factor, Cf0:

][/ 00 cSaHPfCf = . (4.18)

The updated target spectral acceleration capacity required to meet the target probability

of failure is computed as previously done, by means of Eq. 4.13, using now the updated

correction factor Cf0 (e.g., Eq. 4.18). In order to find the updated design spectral

acceleration we need to compute the actual dynamic reserve strength ratio for the

structure, ρSa0. This is done by dividing the current spectral acceleration capacity, Sac0,

by the original (initial) design spectral acceleration that was used to design the structure

initially:

dcSa SaSa /00 =ρ . (4.19)
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This revised ρSa0 value (for this first design) contains implicitly updated information on

the design-to-elastic-limit and elastic-limit-to-failure ratios (Eq. 4.3), which initially were

simply assumed trial values.

The updated design spectral acceleration required to meet the target Pt is computed with

Eq. 4.14. The ratio between this updated value and the original design spectral

acceleration can be used as a guideline for increasing the strengths of the structural

elements. As discussed in Appendix 4.B, the relationship is not simply one-to-one. That

is, because of the issues discussed above, if the updated value is 50% larger than the first

it does not imply that a simple 50% force capacity increase should be applied. Appendix

4.B discusses this further.

Having improved the structure, once again the probability of failure should in principle

be verified by a new set of non-linear analyses to confirm that the target has been met.

4.2.3 Summary.

Summarizing the procedure described in the previous sections, the design steps are as

follows:

1) Define the target probability of failure, Pt, to be met.

2) Make assumptions about the structure to estimate the initial trial values of: (a) the

structure's first natural frequency, f0; (b) the correction factor Cf (or alternatively, use Eq.

4.11 with assumed values of the parameter b and σt,, as well as the hazard curve slope

K0), and (c) the dynamic reserve strength ratio, ρSa (or alternatively Eq. 4.5) with the

required assumed values). Of the three, ρSa is the only one to which there is a first-order

sensitivity.
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3) Find the required spectral acceleration capacity, Sact, associated to Pt (Eq. 4.13), and

then the value of the design spectral acceleration, Sad, (Eq. 4.14) for member-sizing of

the original structure using conventional linear elastic procedures and design codes and

guidelines.

4) Perform several dynamic nonlinear analyses (e.g., using records with spectral

acceleration equal or close to the target capacity, and use log-linear regression to estimate

a, and possibly to revise the values of b and σδ). Perform a static nonlinear pushover

analysis to estimate the "median" value of the displacement capacity, δcm.

5) Compute the probability of failure, using either the analytical approximate approach

(Eqs. 4.10 and 4.11), or by numerical evaluation of the integral in Eq. 4.16, to verify

compliance with the target value.

6) Resize elements if the target reliability is not met; if appropriate update trial values

above for revision of the level of the design spectral acceleration, Sad, for subsequent

resizing.

4.3 Numerical Example.

The following example considers a steel offshore jacket for design using the proposed

scheme. The objective is to illustrate the steps and clarify the procedure. The behavior of

wave-exposed fixed offshore systems can be characterized in a similar manner, and an

example for a reliability-based design scheme for such loads of a similar structure is

presented in Manuel, et al,1999.
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4.3.1 Definition of the Target Probability of Failure, Pt.

For this example the target probability of failure, Pt, is selected to be 1/2000 (0.0005) per

year (as suggested in Stahl, et al, 1998). The definition of failure considered here is the

exceedence of a capacity related to a deck maximum displacement (dmd), which will be

selected from a static nonlinear pushover analysis.

4.3.2 Problem modeling assumptions and initial trial values.

The hypothetical structure in consideration is a fixed steel jacket for offshore oil

production, presumed to be located off the California coast. The structural configuration

consists of a regular 3-dimensional, 5-tiered k-braced system, 310 feet tall, and cross

section tapering from a 135' by 135' base to a 72' by 72' deck level top. The assumed trial

dynamic properties of the jacket are first mode elastic period T0 = 2.0 seconds, and

damping of 2% of critical. The jacket is based on a design employed in Dalane, 1993

(which is also the basis for the example presented in Manuel, et al, 1999). See Appendix

4.D for structural member details. Figure 4.2 shows a schematic of the structural

configuration.

The hazard corresponds to the seismic threat at a site in the California Sta. Barbara

Channel. From the site seismic hazard analysis, a hazard curve for 2.0sec (0.5 Hz) was

computed (Fig. 4.1), and a scenario event representative of the hazard was selected, with

a magnitude M = 6.85, and distance R = 4.0 km. Four different earthquake events

corresponding to the scenario event were chosen (although corresponding to larger

distances, to avoid near-source issues that were not dealt with here) (see Appendix 4.C).

Once the structural dynamic frequency of the system was assumed and the environmental

hazards identified, the probability correction factor, Cf, and the reserve dynamic reserve

strength ratio, ρSa, were estimated in order to find an associated target spectral

acceleration capacity, and subsequently the design spectral acceleration.
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For this example, the assumption that the dynamic nonlinear characterization of the

structure can be represented by the functional form given by Eq. 4.2 was made, hence an

estimate of the correction factor computed by means of Eq. 4.11 was used. From the

hazard curve, the absolute value of the slope K0, in a region of probabilities close to Pt, is

estimated to be 3.17. Several studies (e.g., Luco and Cornell, 1998) and results generated

for this structure (Appendix 4.A.3) indicate that an estimation of the exponent b in Eq.

4.2 can be taken to be less than unity, e.g., b = 0.7. Also, a total standard deviation, σt,

was assumed to be 0.38, based on experience. With the above values, we can compute an

initial estimate of the value for the correction factor, by means of Eq. 4.11:

4.4
])(

2
1[ 20

== b
K t

eCf
σ

.

(Note: this value of Cf may be larger than typical values, due to the lower-than-unit value

of b assumed).

In order to find the value of the design spectral acceleration, Sad, we need to estimate a

value of the reserve dynamic strength ratio, ρSa, by using Eq. 4.5. We can reasonably

assume an initial trial value of the capacity ductility to be µc = 2.0, given the non-ductile

nature of the braced frame structural configuration. Also, let's assume a value for the ratio

of elastic-limit displacement to design level displacement of N = 1.5, for member sizing

based on API RP2A-WSD, i.e., a working-stress design guideline. Using Eq. 4.5 we

have:

ρSa = (µc * N)1/b = (2 * 1.5) 1/0.7 = 4.8
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4.3.3 Design Spectral Acceleration.

Having the initial assumptions of the numbers we need, we can now compute the design

spectral acceleration. Using the hazard Eq. 4.10 inversely, to solve for the target spectral

acceleration capacity, as indicated by Eq. 4.13, we obtain:

H[Sact] = Pt / Cf = 1/8640 = 0.00012.

Therefore,

Sact = H-1[1/8640] = 980 cm/s2 ≈ 1 g.

Finally, via Eq. 4.14 the design spectral acceleration was:

Sad = Sacr / ρSa = 980 cm/s2 / 4.8 = 204 cm/s2 ≈0.2 g.

It may be noted that the annual probability of exceeding this design level is close to 1/160

(≈ 0.0063), 26% higher than the 1/200 Strength Level Earthquake, specified by API-

RP2A-WSD, hence the seismic intensity for design is lower than that normally

considered for the SLE.

This spectral acceleration value, Sad, is now used for sizing the structural elements. In our

case, the jacket was designed based on a response spectrum analysis. The design

spectrum was taken to be the spectral shape associated to the scenario event scaled to  the

design spectral acceleration. The sizing criteria correspond to API's working stress design

code (API RP 2A-WSD). See Appendix 4.A.1 for details on the properties of the sized

elements.
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4.3.4 Structural Analyses.

The static and dynamic analyses performed on the structure were required to compute the

probability of failure of the designed structure, and to verify that it was close to the target

value. For these analyses, the nonlinear finite element code CAP was used (PMB-

Bechtel, 1994).

Firstly, a static nonlinear pushover analysis provided us with information on the

displacement capacity of the structure. Figure 4.3 shows us the pushover curve for the

structure, on which we can identify the elastic limit for the displacement as well as select

a “representative” (albeit difficult to identify with precision) displacement capacity.

The corresponding values, taken from the curve are:

δy = 0.72',

δcm = 1.4'.

Although the elastic limit can be precisely identified, the value for the capacity was

selected by judgment; it corresponded to the "last" highest strength drop that occurs at the

buckling of diagonals. It also corresponds, coincidentally, to the ductility capacity

considered in step 4.3.2, since µ = 1.4/0.72 ≈ 2.  Throughout the example, the definition

of δcm will be kept as the elastic limit multiplied by such value of ductility capacity.

Indirectly, compliance to the target probability of failure can be "verified" (in a first order

approximation) by comparing the median displacement of the structure, responding to

records with spectral acceleration at the estimated target spectral acceleration capacity, to

the displacement capacity indicated by the pushover curve (see Fig. (4.4)).

In a dynamic sense, we're interested in knowing the (random) response of the structure to

ground motions of different specified intensities, as given for example by the spectral
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acceleration at, or near, the fundamental frequency of the un-yielded structure2. Failure

was anticipated to occur at spectral accelerations around Sact of 1g, because our design is

keyed to this target value. Therefore nonlinear dynamic analyses were performed with the

selected seismograms scaled such that their spectral accelerations were around this value

(see Shome, et al, 1998, for a discussion on record scaling). The results allowed us to fit

the displacement vs. intensity model in that region, and hence estimate the median

displacement at spectral accelerations around Sact.,  to verify that the probability of failure

is below the target (i.e., that Pf is less or equal to Pt). The results of six nonlinear runs

(See Appendix 4.C for the description of the records) (two time histories are scaled to

two different values and two time histories are used only once) in terms of deck

maximum displacement (dmd) are shown in Table 4.1.

For this example we relied on previous "knowledge" of the value b in the linear

regression of the logarithms, in order to estimate the value of a in Eq. 4.2 for determining

the best fit for the displacement given spectral acceleration. The regression yields, for a

fixed value of b = 0.7:

a = 2.00 (for dmd in feet and Sa in g),

σlnδ = 0.34.

It should not be forgotten that the value of the dispersion obtained with a regression with

such limited data points has a very broad confidence interval, and should be used with

care, when computing the total probability of the structure to fail.

Figure 4.4 shows us the data points and the regression model. It can also be seen in the

figure that the median displacement associated to the target spectral acceleration value

                                                
2 An eigenvalue analysis of the initial structural design confirms that its fundamental period (1.9 sec) is
close to the trial assumption of 2 seconds. However, it is not critical that the fundamental period of the
structure be within more than about ± 20% than that of the frequency related to the spectral acceleration
used to define the intensity of the ground motion (in the hazard curve, response spectrum, and time
histories). (See Shome, et al, 1998). The definition of ground motion intensity was defined to be fixed, at
the spectral acceleration related to the initial trial fundamental frequency of the structure, and kept
throughout the whole procedure.
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(i.e., 1g) exceeds that of the displacement capacity (i.e., 1.4') obtained from the pushover

analysis, which already indicates that the probability of failure is anticipated to exceed

the target. It is also worth indicating that the selection of b was not crucial in determining

an estimate of the displacement in the region of expected failure. A second regression

model where b was pre-assigned a value of 1.0, indicates a very close value for the

displacement at Sact (Fig. 4.4).  As discussed previously, the chosen value of b becomes

important only to a second order when it is used to compute the more "refined"

probability of failure indicated by Eq. 4.10.

4.3.5 Computation of the Probability of Failure.

We have now enough information to compute the performance of the initial design of our

structure in probabilistic terms. Remember that the target probability of the deck's

displacement to exceed the value of δc was set to 1/2000. The probability of the structure

to fail was computed next numerically with Eq. 4.16, where the following relationships

are assumed:

i) δ = a * Sa b * ε;  where ε is lognormally distributed error term with parameters

ε ~ LN (1.0, σlnδ | lnSa).

ii) δc is assumed to be lognormally distributed, with parameters δc  ~ LN (δcm =

1.4; σδc = 0.2), and

iii) Sa has a  complementary cumulative distribution equal to the hazard curve

H[y].

From the regression, even though the estimated standard deviation is considered to have

small confidence (due to the limited data) it turned out to have a reasonable value and

was used for the computation of the probability of failure (see Appendix 4.A for a larger

data set regression that justifies this decision).

The numerical computation of integral (Eq. 4.16) with the above assumptions results in:
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Pf = 1/875 > 1/2000,

which indicates that the structure needs to be modified to increase its reliability. (The

approximation of Pf, using the analytical approach of calculating Cf, yields a more

conservative value of Pf = 1/376).

4.3.6 Modification of the Structure to Achieve Target, and Updating of

the Trial Values.

The computed probability of failure, Pf, suggests that the structure needs to be "bettered"

from a probability of failure point of view. Such improvement can be attained either by

increasing its displacement capacity, by reducing the displacement demands on the

structure given the seismic environment, or by a combination of the above. Based on the

reasoning described in Appendix 4.B that explains the reduction in demands by

increasing  the resistance of a SDoF system, a partial strengthening of the jacket was

performed. Since the sizing of the legs of the jacket are typically governed by towing and

launching loads or due to their use as guides for piles, rendering them relatively strong

for "operational" loads, the increase in resistance will be done by increasing the cross

section of the braces and horizontals alone (which are the members that fail first). A

lower-bound of the necessary increase in resistance needed in these elements can be

found by computing the required increase of the whole system treating it as a SDoF

system, and applying it to the aforementioned elements. The improvement of the

structure is based on re-computing an updated design spectral acceleration, Sad', given

that the actual spectral acceleration capacity, Sac0, is known.

Sac0 is computed solving for the value of spectral acceleration in Eq. 4.2, such that the

displacement corresponds to the value of the displacement capacity, so:

Sac0 = (δc / a)1/b = (1.4 / 2.00)1/0.7 = 0.6g (which is lower than Sact, as expected).



CHAPTER 4. A DIRECT PROBABILISTIC SEISMIC DESIGN PROCEDURE.

189

In order to calculate the updated design level (Sad') needed to achieve the  target sought,

updated values for Cf and ρSa need to be found as well (i.e., the actual values of Cf0, and

ρSa0, respectively). Eqs. 4.17 and 4.18 yielded:

Cf0 = (1/874)/ H[0.6] ≈ 2.0, and

ρSa 0 = 0.6 g / 0.2 g = 3.0

The new updated capacity target was then found by solving for it as done in step 4.3.2,

adhering to the original performance target but using the revised value of Cf:

Sact' = H-1[Pt / Cf0 ] = H-1[(1/2000) / 2] ≈ 0.8 g

Finally, we find the corresponding design value by using the actual reserve strength ratio:

Sad' = Sact' / ρSa0 = 0.8g / 3.0 = 0.27g,

which is approximately 30% stronger than the first design, i.e., Sad' ≈ 1.3 * Sad.

The increase in resistance was done simplistically by associating the moment of inertia to

the strength of horizontals (modeled here for bending) and diagonals (for buckling). For

this, the thicknesses of the corresponding tubular members were increased by 30%, in

order not to increase the diameter/thickness (D/t) ratio.

The strengthened design was analyzed as the original design was. As expected, there was

a slight increase in stiffness (T0' = 1.8 sec), and the static nonlinear pushover analysis

indicates a new yield displacement and a new displacement capacity of:

δy = 0.8',

δc = 1.6'.
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The nonlinear dynamic analyses were done with records scaled in the region of spectral

accelerations close to the updated target capacity. The new deck maximum displacements

(dmd) found are shown in table 4.2.

As before, fixing the value of the exponent in Eq. 4.2 to b = 0.7, we regress and find the

following values:

a= 1.8 (for dmd in feet and Sa in g), and

σδ = 0.22 .

In Figure 4.5 we can see the data set, as well as the regressed fit for the assumptions of b

= 0.7 and b = 1.0. (Notice the comparatively small value of the dispersion. Once again,

the small data set makes this estimate's confidence band be broad). Also notice once more

that the estimation of the median displacement at the target spectral acceleration capacity

is not very sensitive to the value of b (the estimates of the median displacements are 1.57'

and 1.52' respectively). For the improved design we can also notice that the estimated

displacement (i.e., aSac
b) is closer to the updated displacement capacity (1.6'), than was

the case for the original design.

The computation of probability of failure was computed as before, keeping the same

values of the standard deviations, which yields:

Pf ≈ 1/1700,

still a little higher than our target but much closer and probably close enough for most

purposes.
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4.4 Conclusions.

Traditional structural design has considered as a ground motion levels for design those

earthquake intensities related to a fixed relatively low return period. Actions from these

are then used as an input for elastic design. Inelastic behavior is typically only assumed

by using an elastic-force reduction for the design, and at best (but uncommonly) verified

for less frequent and higher intensity earthquake loads (e.g., Ductility Level Earthquake,

for offshore structures; Safety Evaluation level, for bridges, Rare to Very Rare, for

buildings).

In contrast, the procedure presented here allows for the setting the desired structural

performance, in terms of a failure probability. The method explicitly takes into account

the structural inelastic behavior in order to propose design level seismic actions for

design, for use with conventional elastic design methods, as described by WSD- or

LRFD-based codes.

The iterative nature of the method allows for incorporation of updated information on the

structure. Means for estimating initial trial values are offered, but these can be estimated

directly from engineering experience as well. It should be mentioned that the choice of

the parameter b = 1, which is a good "representative" value in general for describing

nonlinear displacements, would have allowed a faster convergence. Although we had

data to consider b = 0.7, for this particular case, it is to the best of our (current)

knowledge that a unit value is a better proposal to be considered for, at least, the initial

trial values.

The methodology is not limited to the offshore system presented in the example, it is as

applicable for buildings and bridges. Although not discussed here, the method can be

naturally extended to consider other performance levels. Such extension would allow to

verify, for example, the compliance to a particular seismic performance objective that the

owner of the structure decides for it, in a performance based design framework (as

described by SEAOC, 1996).
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Although the method itself is straightforward, its implementation may not be obvious.

Details arising in such implementation, such as the best descriptor of response, are not

discussed here. Some of these issues are discussed in Appendix 4.A.
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Chapter 4 Figures.

Figure 4.1 Typical seismic hazard curve, and representation of logarithmic slope K0, in a region of 0.0002

annual probability of exceedence. This particular curve corresponds to the hazard at a site in the Sta.

Barbara Channel, and corresponds to a structural period of 2sec  (f0 = 0.5 Hz), and damping of 5%.
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Figure 4.2. Structural configuration of the steel jacket, taken from Manuel, et, al, 1999.
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Figure 4.3 Nonlinear static "pushover " analysis on the offshore platform considered in the example. Notice

the unusual load-deflection curve for the braced frame, with respect to pushover curves for moment-

resisting frames. As elements buckle, the negative stiffness of these elements require that the load needs to

be decreased in order to maintain equilibrium, showing a non-monotonic behavior. The stages of reduced

displacement at reduced loads are the only responses consistent with the given element force-deformation

characteristics of the diagonals (modeled as Marshall struts) that satisfy the requirements of static

equilibrium. See Simons and Powell, 1982, for a discussion on non-monotonic displacements on statically

loaded nonlinear structures.
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Figure 4.4 Nonlinear Dynamic Analysis results, and model fitting. (Note: Although the regression was done

as dmd on Sa, the plot is presented in the more familiar  "force-deflection" format with displacement as the

ordinate and spectral acceleration as the abscissa).
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Figure 4.5. Nonlinear Dynamic Analyses results for the upgraded structure, and regression curves for the

displacement response. Notice that the displacement capacity is closer to the "cloud" of displacements

(which are related to spectral accelerations close to the calculated capacity) suggesting a better design than

the first-iteration one.
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Chapter 4 Tables.

Sa [g] dmd [ft]
0.98 1.40
1.18 1.39
0.83 1.87
1.00 2.95
0.77 1.52
0.78 2.56

Table 4.1. Deck Maximum Displacements (dmd) vs. Sa. Original design. See figure 4.4 for the plot of these

data points and the model obtained from regression.

Sa [g]  dmd [ft]
0.98 1.41
0.84 1.21
1.00 1.90
0.77 1.65
0.92 1.88
0.82 2.28

Table 4.2. Displacements vs. Sa. Updated Design. See figure 4.5 for the plot of these data points and the

model obtained from regression.
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Figure 4.1 Typical seismic hazard curve, and representation of logarithmic slope K0, in a

region of 0.0002 annual probability of exceedence. This particular curve corresponds to

the hazard at a site in the Sta. Barbara Channel, and corresponds to a structural period of

2sec  (f0 = 0.5 Hz), and damping of 5%. ......................................................................... 193

Figure 4.2. Structural configuration of the steel jacket, taken from Manuel, et, al, 1999.
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Figure 4.3 Nonlinear static "pushover " analysis on the offshore platform considered in

the example. Notice the unusual load-deflection curve for the braced frame, with respect

to pushover curves for moment-resisting frames. As elements buckle, the negative

stiffness of these elements require that the load needs to be decreased in order to maintain

equilibrium, showing a non-monotonic behavior. The stages of reduced displacement at

reduced loads are the only responses consistent with the given element force-deformation

characteristics of the diagonals (modeled as Marshall struts) that satisfy the requirements

of static equilibrium. See Simons and Powell, 1982, for a discussion on non-monotonic

displacements on statically loaded nonlinear structures. ................................................ 195

Figure 4.4 Nonlinear Dynamic Analysis results, and model fitting. (Note: Although the

regression was done as dmd on Sa, the plot is presented in the more familiar  "force-

deflection" format with displacement as the ordinate and spectral acceleration as the
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Figure 4.5. Nonlinear Dynamic Analyses results for the upgraded structure, and

regression curves for the displacement response. Notice that the displacement capacity is

closer to the "cloud" of displacements (which are related to spectral accelerations close to

the calculated capacity) suggesting a better design than the first-iteration one. ............. 197
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Appendix 4.A. Issues on Scalar Representation of Seismic

Input and Output (I/O) in PSDA

4.A.1 Scalar Representation of Seismic Input and Output (I/O) for

PSDA in Chapter 4

Current practice of PSHA considers ground motion intensity to be described by a single

scalar quantity, i.e., spectral acceleration. The attenuation laws used in PSHA produce

estimates of such a quantity based on the observed geometric average (which has been

indistinctively referred to in this work as the median) of two orthogonal horizontal

directions. The use of attenuation laws thus produced should be limited to cases where it

is not important to discern between orthogonal components as well as cases for which

such a statistic (i.e., the median acceleration) is the one of primary interest.

The possibility of considering seismic input parameters other than only the first-mode

frequency spectral acceleration in the contribution to response, in a PSDA framework, is

considered, for example, in Shome (1999). This requires the description of hazard in

terms of a multi-variable representation, e.g., spectral accelerations at the first-mode as

well as the second-mode structural frequency. Systems that present important high-mode

effects can benefit from describing their response in these terms.

The effect on PSDA from an improved representation of seismic hazard is the reduction

of observed dispersion of response. For example, it is known that first-mode spectral

acceleration is a better parameter for predicting response than is peak ground

acceleration, because it yields a smaller dispersion in observed conditional response. This

reduces the computational expense required for the prediction of estimates of median

response (needed to couple to PSHA).

On the other hand, and depending on the needs of the structural analyst, the response of

interest required may also be best represented by a multi-variable set. For example, a
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definition for total damage in a building may require not only the estimation of maximum

inter-story drift, but also the drift at several inter-stories. Typical damage indices (e.g.,

Park and Ang, 1985) consider scalar combinations of ductility and hysteretic energy

measures.

The example considered in section 4.3 obviously involved the handling of multi-

dimensional parameters, both on the seismic input side, as well as on the structural

response side (output). Such parameters, however, were collapsed into scalar

representations for use in the current-practice format of PSDA. The following sub-section

discusses different possibilities for such a scalar description. The vectorial description of

PSDA is beyond the scope of this work.

4.A.1.1. Scalar Representation of Seismic Input.

The scalar representation considered in Chapter 4 was that of observing the maxima of

both maximum orthogonal input and output. The input considered the maximum spectral

acceleration at the fundamental frequency, for both horizontal components of ground

motion. The scalar parameter for seismic output was the maximum nodal displacement at

the deck (observed throughout the duration of motion) for both directions.

In order to make use of PSHA incorporating available attenuation laws, a "typical"

modification factor (with assumed zero standard deviation) was considered in order to

translate maximum spectral acceleration to median spectral acceleration. The translation

factor was based on Table 4.A.1, which shows the ratios of maximum spectral

acceleration of the two components to median spectral acceleration for a set of 26 records

of magnitudes ranging from 6.7 to 7.3, distances from 10 to 30km, on stiff soil sites.

For simplicity, the assumption of zero standard deviation on the ratio of maximum

median spectral acceleration was made (although, as was seen, it is typically ≈ 0.1) which
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allowed the direct use of the existing median spectral acceleration hazard curves (i.e.,

H[.]) by means of the following simple assumption:

]/[][ maSam ryHyH = , (4.A.1)

where HSam[.] is the hazard curve for maximum spectral acceleration, and rma is the

maximum-to-(geometric)-average (i.e., maximum-to-median) spectral acceleration ratio.

Based on table 4.A.1, the value considered in Chapter 4 was rma = 1.2 (for the 0.5Hz

system).

Frequency [Hz]
0.2 0.5 1 5 10 25

rma =
Samax/Saav 1.17 1.23 1.16 1.14 1.09 1.11

σ 0.12 0.1 0.1 0.09 0.06 0.09

Table 4.A.1 Median ratio of maximum spectral acceleration to average orthogonal spectral accelerations

(rma). These results correspond to a set of records with magnitudes in the [6.7,7.3] range and distances in

the [10,30] km range.

4.A.1.2. Scalar Representation of Seismic Output.

As mentioned earlier, the scalar parameter for seismic output was the maximum nodal

displacement at the deck (observed throughout the duration of motion) for both

directions.

The rationale behind the consideration of output was, on one hand, based on the objective

of the PSDA, which was to establish the probabilistic description of failure.  On the other

hand, it was based on the definition of failure itself. The objective could have been

different, for example a pre-failure, intermediate performance level. The definition of

failure was based on the two uni-dimensional static pushover analyses for the system
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(done for each direction independently). The system was assumed to fail if the

displacement in either direction exceeded its corresponding displacement capacity. The

capacities were judged to be equal for the two directions. Failure will then occur if and

only if the maximum displacement exceeds the common capacity. Therefore the sole use

of maximum displacement is a special case that follows from the nearly identical N-S, E-

W directions of the structure. More generally one might like to use the maximum of both

orthogonal horizontal demand-to-capacity ratios.

Although the attenuation laws typically describe the geometric average of the horizontal

orthogonal components of strong ground-motion, the maximum was considered for the

description of input. As can be seen in table 4.A.2, the direction of the deck's maximum

displacement (dmd) typically coincided with the direction of maximum spectral

acceleration. This was the justification for using the maximum ground motion measure

with this output measure. However, as will be discussed below, this is not always the

case, even for large differences in the orthogonal (first-mode) intensities. We can observe

in table 4.A.2 that the direction of maximum displacements start off coinciding with that

of the maximum spectral acceleration, but can change when the system incurs in non-

linear behavior. For this particular near-symmetric structure one expects to observe the

same direction for maximum response and maximum spectral acceleration while in the

elastic range.
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dmdx Sax dmdy Say Sax/ Say Say/ Sax

EQ 1 0.32 0.13 1.06 0.49 0.26 3.82
0.50 0.21 1.43 0.79
0.85 0.26 1.40 0.98
0.76 0.31 1.39 1.18
2.02 0.41 1.98 1.57
2.41 0.46 2.28 1.77

EQ 2 0.84 0.42 0.47 0.20 2.06 0.49
1.87 0.83 0.86 0.41
2.95 1.00 1.16 0.49

EQ 3 0.62 0.24 0.76 0.38 0.62 1.61
0.90 0.47 1.52 0.77
2.22 0.85 3.05 1.38
1.35 0.95 3.18 1.53

EQ 4 0.49 0.20 0.31 0.15 1.32 0.76
1.75 0.42 1.14 0.32
1.34 0.56 1.80 0.43
2.76 0.71 1.55 0.53
2.56 0.78 2.04 0.59
3.89 0.92 1.46 0.70

intensity-ratio indicating direction of maximum Sa (Sam)
matches direction of Sam

does not match direction of Sam

Table 4.A.2 Maximum deck displacements (dmd) and spectral accelerations. Notice that although typically

the direction of maximum spectral acceleration coincides with the direction of the maximum displacement

(grid shading), this is not always so (vertical shading) for nonlinear displacements. The right-most two

columns are the ratios of the orthogonal components of spectral acceleration. Ratios greater than unity

indirectly indicate the maximum direction (diagonal shading).

Although the different data points came from scaling the available accelerograms to

different intensity levels, the parameters required in order to represent the relationship

between intensity and response (i.e., a, b, and σδ) were computed from considering all

observed displacements independently (see the data points in Table 4.A.2). We can trace

the displacements caused by each of the accelerograms at different levels of intensity

(which describes an Incremental Dynamic Analysis (IDA), see for example Luco and

Cornell, 1998).  It may be surprising to note that as the intensities increase the (scalar)

responses not necessarily do so monotonically. Actually, for some cases the demand may
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indeed decrease for a range of increased intensities. This is one effect of considering a

limited number of variables for describing nonlinear response. Observe for example the

trace corresponding to record EQ-4 (see table 4.A.2) in figure 4.A.1.

10
−1

10
0

10
0

Sa [g]

dm
d 

[ft
]

EQ−1: o

EQ−2: x

EQ−3: *

EQ−4: +

Max dmd(x,y) vs. Max Sa(x,y)

Figure 4.A.1. Incremental Dynamic Analyses considered for the design example of Chapter 4. Notice that

responses may not always increase with intensity. In fact, for EQ-4 (represented by the '+' symbol), the

response decreased at Sa ≈ 0.7. The plot corresponds to the data points from Table 4.A.2

The reason for the non-monotonic possibility for response given increasing intensities
can be explained by looking at Figure 4.A.2. It corresponds to the dynamic response
histories of the nodal displacements at the deck, corresponding to two (out of 4)
diagonally opposed corner nodes. The time histories for EQ-4 are shown in Figure 4.A.3.
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Figure 4.A.2. Response time-histories for the deck nodes, corresponding to the nonlinear Incremental

Dynamic Analysis with EQ-4. The vertical solid line in each time history indicates the occurrence of the

maximum absolute displacement. Notice the shift of maximum displacement in time as well as in direction

after RI*2.1 and RI*2.9. Each plot represents the response of two different deck nodes, diagonally opposed.



CHAPTER 4. A DIRECT PROBABILISTIC SEISMIC DESIGN PROCEDURE.

206

0 10 20 30 40 50
−0.4

−0.2

0

0.2

0.4

A
 [g

]

time histories

Dir X

0 10 20 30 40 50
−0.4

−0.2

0

0.2

0.4

A
 [g

]

Dir Y

0 10 20 30 40 50
−0.2

−0.1

0

0.1

0.2

time [s]

A
 [g

]

Dir Z

10
0

10
1

10
−2

10
−1

10
0

S
a 

[g
]

response spectra

10
0

10
1

10
−2

10
−1

10
0

S
a 

[g
]

10
0

10
1

10
−2

10
−1

10
0

frequency [Hz]

S
a 

[g
]

Figure 4.A.3. Accelerograms and response spectra for EQ-4 (Northridge 1/17/94; M = 6.7; R = 25.5) which

was the seismic input for the responses depicted in figure 4.A.2. Although the spectral acceleration for the

X direction is 1.32 times higher than that for the Y direction (see Table 4.A.2), the intensity case RI*2.9

caused the Y direction to have the largest response (see Fig. 4.A.2). Shown here are the spectra

corresponding to RI*1.0, with Sax = 0.2g and Say = 0.15g.

In figure 4.A.2 we see the responses for incremental intensities, the first being a reference

intensity (namely, RI * 1.0) that does not cause nonlinear behavior in the structure (Samax

= Sax = 0.2g). As intensity increases, the temporal location and direction (x or y) of the

maximum deck displacement shift. For example, comparing RI*1.0 and RI*2.1, the time

at which the maximum displacement occurs shifted from 12.4s , to  19.7s, as the system

responded nonlinearly.
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An apparent decrease in the rate of change of (maximum) response with intensity is

caused by an increasing response of a different node, or an increasing response in a

different direction  for the same node, or an increasing response in the same node, same

direction, but at a different time.

For example, at RI*2.9 there was a direction shift with respect to RI*2.1, for the

maximum response of the same node. Although the maximum displacement remained at

the same node, at RI*3.9 the opposing node started to build up large nonlinear

displacements. At RI*3.6, the maximum X-direction displacement of the node shifted

from just before 15 seconds (RI*2.9) to around 23 seconds.

Also worth mentioning is the response to the torsional mode (third mode of vibration). Its

elastic frequency (0.57Hz) was not too different from the first two translational modes

(almost identical, at 0.52Hz). The separation of the node displacement time history-lines

indicates a rotational displacement which was the main cause of the maximum

displacement at RI*3.9.

4.A.2. Other I/O Scalar Representations for Intensity-to-Response

Parameter Estimation.

Other representations for both input and output could have been considered. Some

different possibilities include, but are not limited to, the square root of the sum of the

squares (SRSS) of displacements and/or spectral accelerations; the averages, or any

combination of these. For comparison purposes the following combinations were chosen:

SRSS for Sa and displacement (SRSS-SRSS); (geometric) averages for Sa and

displacement (AVG-AVG); (geometric)-average spectral acceleration and maximum

displacement (AVG(Sa)-Max(dmd)); and finally the previously described maximum

spectral acceleration and maximum response (Max-Max).
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With respect to considering only the maximum values, the average and SRSS schemes

will "stretch out" the axes for each IDA, since the values thus combined will be higher

than the maximum. The Sa axis will be evenly stretched for each record, since the ratio of

both directions' spectral accelerations remains constant for each intensity considered.

However, the amount of stretching in the response dimension will in general change with

intensity as the different possible responses change. For these comparison schemes, the

stretching may still not cause strict monotonic response with increasing intensity. Figure

4.A.3 shows the effect of considering these different schemes, vis-à-vis the Max-Max

model described earlier.
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Figure 4.A.4 Different combination schemes for seismic I/O measures. The manner in which the I/O

measures are collapsed to scalar values will, to some extent, affect the shape of the IDA  traces.
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The parameter estimation tends to be mildly better (in terms of a lower dispersion) for

these new different combinations, for the same intensity-to-response model  (δ = a Sa b).

In general, the parameter b will tend to be higher as the relative stretching cause

relatively higher displacements, as may be expected especially for relating near-collapse

displacements to intensity (i.e., a "softening" value of b > 1).  As long as response is

potentially not monotonic, even considering a single-record IDA for the estimation of

parameters, the model fitting cannot be perfect. Table 4.A.3 shows the estimation of the

parameters for the different cases.

Combination a b σδ

Max-Max 2.09 0.72 0.37
SRSS-SRSS 2.27 0.86 0.31

AVG-AVG 2.28 0.93 0.27
AVG(Sa)-Max(dmd) 2.81 0.89 0.29

Table 4.A.3 Parameter estimates from regression of dmd vs. Sa for the different combination schemes. As a

combination scheme tends to produce higher displacements, the value of b will tend to be higher.

These different combinations may show apparently lower dispersions of the fitted models

than that of the Max-Max case (although one needs to be careful with such values due to

the relative small sample size). However, they may not all make as much sense to

consider. The average and SRSS of response and spectral acceleration combine

parameters that do not occur simultaneously. Hence, depending on the relative responses

and ground motion time histories, the resulting prediction may even be unconservative.

The maximum displacement was desired because it is judged to be the best predictor of

system failure. Also, the maximum spectral acceleration was chosen over the geometric

average because the direction of such maximum in general coincided with that of the

maximum direction (see table 4.A.2). For structures that present higher asymmetries in

lateral behavior, and hence present a lower correlation between the direction of maximum

input to maximum output, the AVG(Sa)-Max(dmd) case may be preferred.

Of course other combinations not mentioned can also be considered (e.g., SRSS(Sa)-

Max(dmd), etc.). A particular option not considered here traces throughout the time
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history the vectorial sum of orthogonal horizontal input and/or output (e.g., Wang and

Wen, 1998).
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Appendix 4.B. Reliability Improvement from a Seismic

Demand Reduction Approach.

In order to increase the reliability of the structural system we can identify the sources for

potential reduction of the value of Pf, the probability of failure. For the reliability to

improve (i.e., for Pf to decrease), either the displacement capacity, δc, must be increased

or the conditional probability of displacements exceeding a given value must be

decreased, as indicated in equation 4.16:

∫
∞

>−=>=
0

)(]|0)ln()[ln(][ SaSaccf dSafSaPPP δδδδ (4.16)

A reduced probability of failure translates into either (1) reducing the displacement

demand for all levels of spectral acceleration or (2) by increasing the capacity. From

equation 4.17:

CfaHPf b
c ])/[( /1δ= (4.17)

we can see that since the hazard curve is a monotonically decreasing function (for

example, see figure 4.1) either the argument of H[.] needs to be increased or the value of

Cf needs to be lowered for the probability of failure to decrease. For the argument of H[.]

to increase we need to, again, either increase the value of the displacement capacity or

decrease the value of the parameter a (from δ = a Sab) , which corresponds to a reduction

in demands for any level of spectral acceleration (assuming an uncontrollable and fixed

value of the system-dependent b). The value of Cf is really out of our control (Eq. 4.11),

because the hazard value of K0 is fixed by the seismic environment, and the values of b

and σδ depend on the structural configuration and the natural complexities of the

nonlinear problem and the randomness in the seismic input.
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The approach considered was based on controlling the displacements of the system.

Displacement control is conceptually possible either on the displacement demand, which

is related to the seismic input, or on the capacity, which, as defined here, does not depend

on the actual loads that the structure may be exposed to. Only the former was considered.

Directly increasing the displacement capacity appears more viable for structures under

certain static loads, such as wave loads, where critical members can be identified and

directly "strengthened" by stiffening. For our re-design example, due to the dynamic and

random character of the seismic actions and responses, the identification of critical

elements that could be "improved" would not have been straightforward. For cases like

ours there very well might be, however, a particular "weak link" in the system that can

potentially be improved. To identify such a critical element one needs to study the

temporal sequence of element failures for the different seismic dynamic loadings and

then try to systematically identify problematic components. Observing the dramatic load-

displacement discontinuities in the nonlinear static pushover analyses (e.g., Fig. 4.3),

such critical links can only be associated with the brittle nature of the buckling diagonals.

However, in the dynamic case, in the example considered in Chapter 4 there was no

consistent single brace (or small subset of braces) that could be identified as the sought-

after weak link.

Thus, the approach considered was that of reducing the demands, i.e., reducing the value

of the parameter a, in Eq. 4.17 above. For the particular case of an elastic system where b

= 1, the value of a will be inversely proportional to the structural stiffness. In other

words, for a particular level of intensity (for example, spectral acceleration), the

displacement demand is inversely proportional to stiffness, i.e., a is proportional to

flexibility.

An elastic SDoF system subjected to a single seismic dynamic loading will show a higher

displacement with respect to a stiffer system for periods below the displacement sensitive

region (where response is most related to ground displacements, typically above around 2

to 3 sec.) of the loading's response spectrum (e.g., Chopra, 1995). Notice that such

reduction in demand is not the same as the reduction in the parameter a, because, for the
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same record, the spectral acceleration of the stiffer system has a different value. The

reduction will be proportional to the increase in stiffness only for regions of constant

spectral acceleration (Sa = ω2D where ω2 is proportional to stiffness), and lower than this

for the velocity sensitive region, where the reduction will be proportional to the square

root of the increase in stiffness.

The reduction in displacement demands for a nonlinear system is not as straightforward

as for the elastic case. From a static point of view, demands can always be reduced either

by increasing the resistance (e.g., the yield force), or by increasing the stiffness, assuming

that the post-elastic behavior does not change (e.g., a same fraction of initial stiffness for

the post-elastic stiffness). Of course, for a given structural element's design, higher

resistance typically means higher stiffness (e.g., higher brace cross-sectional area implies

higher axial stiffness; higher moment of inertia implies higher flexural stiffness, etc.). For

these cases, the reduction in demand is due to the force-deformation curve of the

strengthened system always lying above that of the original system.

For the dynamic loading case the situation is even more complicated. Even though the

force-deformation curve for the individual elements of a structural system (or that of a

SDoF system) presents a "softening" effect (i.e., a decreasing effective stiffness; see

Chapter 3), the dynamic intensity-to-response curves may not have such a softening

effect. For example, Seneviratna and Krawinkler (1997) report cases for inelastic SDoF

and MDoF systems of different characteristics (levels of ductility and frequency) where

the response (e.g. roof displacement) is either lower than (i.e., it is then a "hardening"

system) or higher than (i.e., it is then a "softening" system) their elastic counterpart, as a

function of structural period. Sewell (1989) also found a frequency-dependent nonlinear

damage effectiveness of ground motion. In this reference it is reported that higher

frequency SDoF systems (for two kinds of hysteresis: bilinear and stiffness degrading)

present higher demands than those of lower frequency oscillators (for the same level of

resistance), with respect to higher-resistance systems (larger yield displacements). The

fact that some systems present "hardening" is not surprising because results for the jacket
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yielded values of b lower than unity (b = 0.72) from the regression of 19 data points (see

Appendix 4.A).

Assuming for simplicity in the following discussion a unit value for b, hardening systems

would have smaller values for a than their elastic counterparts (elastic a, or ae). The value

of a would represent the slope of the best linear fit for the available data points. For these

nonlinear, hardening SDoF systems the data set necessarily lies on a straight line (with

slope ae) for displacement demands lower than the elastic limit, and the best-fit slope

would show a < ae. Once a structure is strengthened, not only does the stiffness increase

(reflected in the reduction of the new value of ae), but also the elastic-limit displacement

may increase. Such larger displacement would "delay" the offset of hardening, such that

the updated value of the nonlinear a is closer to that of the elastic slope, ae. Supposing

that the strengthened system remains a hardening system (i.e., the change in period is not

too dramatic), there may even be overlapping regions of response for both systems, i.e.,

there may be regions of intensity where the original system actually had lower

displacement demands than the strengthened version. In general for hardening systems,

and even for the hypothetical case where the elastic-limit displacement does not change,

the reduction in slope a from the original system to the strengthened system will not be as

large as the reduction for the elastic case.

The best displacement-demand reduction possible may even be larger than the elastic-

case reduction. For "softening" systems, the value of the inelastic slope a will be higher

than that of their elastic counterpart, ae. For the strengthened version of the system, and

assuming that the elastic-limit displacement is increased, its inelastic slope, a, will be

closer to its own elastic counterpart slope. This means that the overall demand reduction,

as given by the reduction of the inelastic slopes, would be higher than the reduction for

the elastic case.

The strengthening proposed for the steel jacket is based on augmenting the resistance by

means of the updated value of the design parameter Sad. For the numerical example

(section 4.3) this resulted in a value about 30% higher than the original design's value,
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and, strictly, this value should be applied to the whole structure. However, the design of

the jacket's legs are typically governed by actions other than seismic, such as those

imposed by vertical loads, transportation and launching, etc., so for a more efficient re-

design, the increase in resistance shouldn't be considered for the leg members. The whole

structural system can be thought of as two subsystems in parallel: that of the legs (and

foundation and deck), and that of the diagonals and horizontals. The total flexibility is

then composed of the addition of the sub-systems' flexibilities.

In order to increase the resistance of the braces (mainly governed by buckling) and

horizontals (mainly governed by bending), the proposed approach was to increase the

thickness of these tubular members (see Appendix 4.D for sizing details). Everything else

remaining constant (external diameters and structural configuration) the moment of

inertia of these elements is approximately directly proportional to the thickness, and

hence so is the buckling resistance. (This scheme also guarantees that the local buckling

resistance is increased). The cross-sectional area being proportional to the thickness as

well makes the axial stiffness of the elements also proportional to the elements. It follows

that the elastic-limit displacement should approximately remain equal to that of the

original structure, which makes the scheme for the reduction in demands more effective,

for this hardening system, vis-à-vis the increasing elastic-limit displacement case. An

upper bound for the total system's stiffness increase is the afore considered 30%.

Neglecting the increase in mass, the corresponding increased structural frequency for a

SDoF system would be proportional to the square root of the increased stiffness, i.e. 1.31/2

= 1.14. Hence, for constant spectral velocity records (i.e., constant Sv around the first-

mode structural frequencies of interest here) the elastic SDoF displacement demands

would decrease by 14%.

In order to illustrate the previous ideas, two SDoF cases were studied. The first case

corresponded to a 30% stiffness increase for an elastic system. The second case

corresponded to the nonlinear version of the first case. Lacking a SDoF model of a

strength degrading system for representing the buckling element-based jacket, a ductile

bilinear model was chosen for the nonlinear case, for the same level of elastic-stiffness
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increase. A set of 63 records having the same characteristics that the jacket might be

exposed to (California records, stiff soil, moment magnitude range: [6.7.7.3], distance

range: [10,30] kms; see Appendix 3.A) was selected and run through both cases, for two

SDoF systems each. The original system for each case had a structural frequency of 0.53

Hz (close to the jacket's fundamental frequency), and the 30% stronger/stiffer system had

a frequency of 0.6Hz. Damping was set at 2%.

For the elastic case (Table 4.B.1) we notice the expected 30% decrease in demands given

spectral acceleration. However, due to the non-constant spectral velocity in the range of

interest (i.e., an increase around 8% of Sv = Sa/ω), the reduction in overall displacement

demands was lower than the expected 14% reduction, at approximately a 5% reduction.

The data points can be seen in Figure 4.B.1.

f ω T Samed Samed / ω Samed/ ω2 δmed a
[Hz] [sec-1] [sec] [in/sec2] [in/sec] [in] [in] [sec2]

0.53 3.31 1.90 42.91 12.89 3.87 3.93 0.09
0.60 3.77 1.67 53.19 14.11 3.74 3.74 0.07

ratio 1.14 1.14 0.88 1.24 1.09 0.97 0.95 0.77
1/ratio 0.88 0.88 1.14 0.81 0.91 1.03 1.05 1.30

Table 4.B.1 Elastic SDoF demand reduction associated with a 30% increase in stiffness (i.e., 14% increase

in frequency). Notice that the reduction in overall displacement demands (i.e., 5%) is less than the 14%

decrease expected had the records presented constant spectral velocity. The median spectral velocity (Svmed

= Samed / ω ) in fact increased 9%, which explains the difference. As expected, however, the demand

reduction given spectral acceleration as given by the value of a (from the regression δ med = a Sa b) was

30%.
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Figure 4.B.1. Reduction in displacement demands by increasing stiffness in the elastic system. Notice that

the data points for one system do not match the spectral accelerations, Sa(f), of the other system due to the

difference in structural frequencies. (Perfect fit) regression lines are shown in Fig. 4.B.2, for comparison to

the nonlinear case.

For the nonlinear case, a constant elastic-limit displacement of δy = 1.7 was selected for

both systems for a median ductility of around µ = 2.  Table 4.B.2 shows the results for the

nonlinear case.
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f ω T Samed Samed / ω Samed/ ω2 δmed a
[Hz] [sec-1] [sec] [in/sec2] [in/sec] [in] [in] [sec2]

0.53 3.31 1.90 42.91 12.89 3.87 3.56 0.077
0.60 3.77 1.67 53.19 14.11 3.74 3.46 0.062

ratio 1.14 1.14 0.88 1.24 1.09 0.97 0.97 0.81
1/ratio 0.88 0.88 1.14 0.81 0.91 1.03 1.03 1.23

Table 4.B.2 Ductile bilinear SDoF demand reduction associated with a 30% increase in elastic stiffness

(i.e., 14% increase in frequency). Notice that vis-à-vis the elastic case, the demands are lower, suggesting a

hardening system (as was the jacket). The reduction in overall displacement demands is even lower than for

the elastic case (i.e., 3%). Also, as expected for hardening systems, the demand reduction given spectral

acceleration as indicated by the value of a (from δ = a Sab; b = 1, chosen for simplicity) was lower than the

elastic 30% reduction. (The 23% reduction in the value of a is significant at a 95% confidence level.)

The results in Table 4.B.2 show that the nonlinear SDoF structures considered (i.e., for

the particular level of resistance and elastic frequency) corresponded to "hardening"

systems, such that the nonlinear demands were lower than the demands of their elastic

counterparts. The "hardening" found is consistent, for example, with findings of

Seneviratna and Krawinkler (1997) for SDoF and MDoF systems of similar period and

ductility levels. The hardening characteristic causes the reduction in the demands to be

lower than for the elastic case for the same level of strengthening. For comparison

purposes, the value of the exponent b was fixed at unity. Hardening systems in general

will present a b value lower than unity, as was the case for the 3-D jacket (b = 0.72 for

the first design, see Appendix 4.A). We can see that the level of hardening (by comparing

a values) was lower for the strengthened system (0.6Hz: approx. 20%) with respect to its

elastic counterpart (Table 4.B.1), than for the original system (0.53Hz: approx. 13%).

Figure 4.B.2 shows the results for the nonlinear analyses, juxtaposed to the elastic-case

best-fit lines. Although the plots extend to spectral accelerations at about 200in/sec2, and

displacements around 18in, the regression is controlled by data points closer to the

median values (i.e., between 40 and 50 in/sec2 and around 4in).
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Figure 4.B.2. Reduction in displacement demands for the nonlinear case. The systems showed "hardening"

with respect to their elastic counterparts, as seen by the lower slopes (given by the value of a) of the linear

best fit (solid lines: 0.53Hz system; dashed lines: 0.6Hz system). The decrease in displacement demands for

the inelastic case is lower than the decrease for the elastic case, because the increase in strength

"postpones" the opportunity for the "hardening" induced by inelastic behavior to benefit the system.

We have shown that the reduction in displacement demands by stiffening, in nonlinear

systems, is difficult. The stiffening changes the frequency, which may change the

(median value of) Sa or Sv by unanticipated degrees (e.g., there may not be constant Sv).

Further, the change in strength (yield force) that typically accompanies stiffening may in

itself reduce or increase the demands, but "typically" for structures of moderate periods

(where "hardening" occurs) the reduction in displacement demands may be lower than

anticipated due to the "delaying" of the (perhaps surprising) "benefits" of nonlinearity.
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Appendix 4.C. Selection of Earthquake Records for Nonlinear

Dynamic Analyses.

The seismic threat posed to the structure was chosen to be described in terms of the

spectral acceleration at approximately the fundamental response frequency (0.5Hz), and

its probabilistic representation is given by the hazard curve (Fig. 4.1) for the site (Sta.

Barbara Channel). Such a curve integrates the contribution of all potential sources and

magnitudes of seismic excitation and their probable effects at the site. Consistent with

modern seismic regulations (e.g., BSSC, 1997, API-RP 2A 1993) the selection of

adequate earthquake records should be based on identifying those that are likely to

contribute most to the threat, especially at levels near the capacity spectral acceleration

considered. This selection is today often aided by seismic hazard disaggregation (e.g.,

Bazzurro and Cornell, 1998).

Based on such a procedure, the following nearby thrust-fault event scenario was

identified:

Mw = 6.85

R = 4.0 Km

Although the disaggregation procedure indicated the importance of near fault earthquake

scenarios, we used records from beyond 10 km, since the potential special effects of near-

field records are beyond the scope of the procedure. However, these effects are important

and, strictly, should have been considered in the structural responses obtained.

Records with characteristics in the vicinity of the scenario magnitude (Mw = 6.7 to Mw =

7.3), as well as distances in a range of 10 to 30 km, for deep broad soil were identified

from (Silva, 1995). Four recordings were selected, with three orthogonal components,

corresponding to the following events:
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Record Event yyyy
mmdd

Mw Description Closest
R [km]

PGA [g] Sa [g]

Northridge 1994 0117 6.7 LA - Hollywood Stor FF # 25.5 0.139 -
1 0.231 0.160

0.358 0.088
Northridge 1994 0117 6.7 Canoga Park - Topanga Can 15.8 0.489 -

2 0.356 0.241
0.42 0.095

Loma Prieta 1989 1018 6.9 Gilroy Array #3 14.4 0.338 -
3 0.555 0.097

0.367 0.060
Loma Prieta 1989 1018 6.9 Hollister - South & Pine 28.8 0.197 -

4 0.371 0.242
0.177 0.167

Table 4.C.1. Earthquake records selected for dynamic nonlinear analyses of 3-D steel jacket in Chapter 4.
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Appendix 4.D. Structural Properties.

The jacket platform consists of an A-36 steel three-dimensional tubular-member truss. At

its base (mudline) the platform is 135' by 135' in plan (41m by 41m). It consists of 5 tiers

and its total elevation is 310' (94m) at the deck, carrying a total mass of 10.0 tons.

Structural analyses were performed by the nonlinear finite element program CAP (PMB

1996). See figure 4.D.1.

Figure 4.D.1. Five-tiered spatial tubular member truss steel jacket. Level 0 corresponds to the mudline;

level 5 corresponds to the deck.

Designs are for both designs (original and upgraded) as indicated by the following table:

Design 1 Design 2
Member D [ft] t [ft] D/t t [ft] D/t tier/level

Legs 6.23 0.18 34.56 0.18 34.56 all
Diagonals 2.72 0.13 21.27 0.17 16.36  4-5

2.46 0.06 43.87 0.07 33.74  3-4
2.20 0.05 43.99 0.06 33.84 1-3

Horizontals 5.89 0.16 36.00 0.21 27.70 5 ext/int
2.13 0.11 18.58 0.15 14.29 4 ext
1.50 0.04 36.06 0.05 27.74 0,1,2,3,4 int
1.80 0.09 19.64 0.12 15.11 0,1,2,3 ext

Table 4.D.1. Element sizing for original and upgraded designs. Levels as indicated are 0 at the bottom, and

5 at deck level (i.e., tier 1 is from level 0-1).
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The dynamic properties from the eigenvalue analysis for both designs at the first 3

periods are:

Design 1 Design 2
Mode T [sec] f [Hz] T [sec] f [Hz]
1.00 1.90 0.53 1.77 0.56
2.00 1.90 0.53 1.77 0.56
3.00 1.76 0.57 1.57 0.64

Table 4.D.2. Structural frequencies for first 3 modes.
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Figure 4.A.1. Incremental Dynamic Analyses considered for the design example of

Chapter 4. Notice that responses may not always increase with intensity. In fact, for EQ-4

(represented by the '+' symbol), the response decreased at Sa ≈ 0.7. The plot corresponds

to the data points from Table 4.A.2................................................................................. 204

Figure 4.A.2. Response time-histories for the deck nodes, corresponding to the nonlinear

Incremental Dynamic Analysis with EQ-4. The vertical solid line in each time history

indicates the occurrence of the maximum absolute displacement. Notice the shift of

maximum displacement in time as well as in direction after RI*2.1 and RI*2.9. Each plot

represents the response of two different deck nodes, diagonally opposed...................... 205

Figure 4.A.3. Accelerograms and response spectra for EQ-4 (Northridge 1/17/94; M =

6.7; R = 25.5) which was the seismic input for the responses depicted in figure 4.A.2.
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Y direction (see Table 4.A.2), the intensity case RI*2.9 caused the Y direction to have the

largest response (see Fig. 4.A.2). Shown here are the spectra corresponding to RI*1.0,
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showed "hardening" with respect to their elastic counterparts, as seen by the lower slopes
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Chapter 5

Three-Dimensional Spectrum Matching

5.1 Introduction.

It was shown in the previous chapter that the consideration of a three-dimensional model

of a structural system requires regard to additional issues that need to be taken into

account for the implementation of PSDA. Since the computational expense involved is

high, and matters of efficiency are of natural concern, questions such as the following

arise: Can one benefit from the use of spectrum compatible accelerograms? Does one

also observe unconservative predictions of response by using this scheme? How is multi-

dimensional input to be considered for PSDA? This chapter addresses these issues.

We shall subject a three-dimensional structural model of a steel jacket structure to two

sets of three-component records. The second set will be a spectrum compatibilized

version of the original set. Both the relative variability of the responses and potential bias

in the second set are of interest.
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5.2 The Three-Dimensional Spectrum-Compatible Record Set1.

Planar structural analysis, including seismic input, has typically been performed with

simplistic representations of actual systems. In the dynamic analysis case the effects of

the orthogonal horizontal component (out-of-plane) of the ground motion used (in-plane)

are considered to be uncoupled from the in-plane analysis. Typically, although within the

same plane, the effects of the vertical component are also considered not important, such

that this direction of ground motion is not included in the analysis. This simplistic one-

dimensional ground motion representation provides no conflict with the use of currently

available attenuation laws when considering a scenario-based spectral shape as a spectral

target to use for compatibilization (see Chapter 3).

Even disregarding the vertical component, for the 3-dimensional structural case one

should legitimately question the use of the attenuation-law-based spectral shape of a

scenario event. For the scenario-based analysis of both the 1- and 2-dimensional

structural cases, the single median shape provided by the corresponding attenuation law

was sufficient to represent (in the limit) a relatively large suite of earthquakes from a

narrow bin. The typical construction of these laws considers the average (log) spectral

acceleration from both horizontal components as a single data point and disregards their

ratio.

The following subsections consider two cases of 3-D spectrum matched record sets for

dynamic analysis. The first one takes into account the possible variation in spectral

intensity for all three orthogonal components of ground motion as indicated by a small

scenario-based suite of records. The second case considers the single shape that typical

attenuation laws provide for the same scenario. The 3-dimensional problem related

questions that this chapter intends to answer are limited to the simple case of near-

                                                
1Throughout this chapter we will be meaning by the three-dimensional set of records (either original or

compatibilized), or simply just "set of records", the use of the three orthogonal components of ground

motion for the structural analysis of the three-dimensional structural model of the steel jacket structure.
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symmetric, first-mode (or rather, first-two-mode) dominated systems. The structural

system considered is approximately the same as the original design of the steel 3-D 5-tier

K-braced offshore jacket in Chapter 4 (f0 = 0.53Hz).

5.2.1 Median Spectral Shape of Available Accelerograms.

As previously mentioned, the structural responses obtained when using artificial

representations of ground motion need to be benchmarked against some sort of "reality".

Thus, the problem of verifying the validity of spectrum compatible records on 3-

dimensional systems for estimation of response becomes somewhat limited due to the

major additional computational expense; one does not have the luxury we had in Chapter

3 of comparing a large set of results from both original records ("reality") and the

artificial ones.

For verifying the use of spectrum compatible records on the 3-D system, the same small

set of records employed in Chapter 4 was used (see Appendix 4.C for the description of

the accelerograms). Despite the fact that the records were selected to represent a

particular magnitude-distance scenario event, a limited size set may cause their median

response spectral shape to not exactly match that of the attenuation law’s prediction.

Figure 5.1 compares the individual records of the records employed and their median

spectrum to the median attenuation law-based scenario shape. The records are on average

somewhat stronger than the predicted shape, mostly at higher than the fundamental

frequencies. Also, the limited number of records will produce a more jagged median

shape.

The component used for any given direction was not taken from the traditional

orientation convention (e.g., NS and WE), which introduces the natural variability in the

intensity due to direction. Instead, we selected the stronger components (as indicated by

the spectral acceleration of interest) for the ground motion input in one structural

direction and the weaker components for the other direction. This was done in order to
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avoid using a spectral shape that could be potentially either too strong or too weak

relative to the selected set of components (for any one direction). Hence, the horizontal

target spectral shapes that were used to create spectrum compatible records correspond to

the median shapes of these two subsets of stronger and weaker components. Figures 5.2a

and 5.2b show the target shapes for the two components. Notice that (although not so

much the case in our particular range of primary interest, i.e., below 0.53Hz) the targets

are not as smooth as typical target shapes based on a large set of records are (e.g., an

attenuation law-based shape). Also shown in figures 5.2a and 5.2b are the spectra of the

original records scaled to a reference frequency close to the structure’s first mode

frequency (0.53Hz).

The runs that were performed correspond to pre-assigned intensity values. Intensity was

defined by the scalar selected as per Chapter 4, i.e., the maximum or larger (horizontal)

spectral acceleration. For the original (non-compatibilized) records, all record sets were

scaled such that the larger-component spectral accelerations corresponded to 0.6g and to

0.8g. All orthogonal (weaker) components were scaled by the same factor such that the

relative intensities for all component pairs remained unchanged for each record set (this

relative intensity was not the same for all records).

In contrast, the spectrum-compatible versions of the original records show constant ratios

of orthogonal spectral accelerations, as those of the median spectral shapes obtained (x, y

and z direction) for all records. In other words, the intensity in one direction was the

predetermined intensity (0.6 or 0.8g) while the intensities of the other horizontal direction

and the vertical direction were determined by the relative intensities of the median

shapes. Recall that the criterion for selecting the component to be used in each direction

for analysis was the maximum (stronger) spectral acceleration for one (horizontal)

direction, e.g., x, and the other components in the remaining corresponding directions,

i.e., y and z.

Four original record sets were used to analyze the structure. Each was scaled to two

levels, 0.6 and 0.8g at 0.5Hz. Then their corresponding spectrum-compatible versions
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were also scaled to these two levels. The results obtained are summarized in table 5.1,

and are also plotted in Fig. 5.3.  An additional data point was added by considering an

alternate spectral acceleration to scale to for one of the records (record # 4) because for

this record numerical convergence within the analysis was not attained for the pre-

selected intensities of the SCR versions2. This translates into a total of 7 data points for

the spectrum matched records’ runs, and not 8 data points as was the case for the original

records.

As one can observe in table 5.1 (a), b) and c)) and figure 5.3, there is a degree of

reduction in dispersion, as indicated by the values of the square root of the mean square

error for the different cases (in table 5.1c MSE1/2 is the estimate of σln(dmd) | ln(Sa)), although

the estimated reduction, perhaps, was not as large as could have been expected. For this

particular case, one does not expect to see the dispersion ratios of the level observed in

the results of Chapter 3 (for which a typical value would be around 4). In Chapter 3 the

responses corresponded to accelerograms whose intensities are actually observed in a

pooled set of scenario-based narrow-bin records. In contrast, the numbers presented

above correspond to runs performed at predetermined levels of intensity, such that the

records (original and SCR versions) are all scaled or normalized. The spectrum

compatibilizing technique produces a dispersion reduction that is caused solely by the

effect of making uniform the shape of the response spectra, because the reduction effect

from homogenizing the intensity has already been taken care of by the normalization.

                                                
2 The non-convergence refers to a high equilibrium-error within the nonlinear dynamic analysis. The error

exceeds a pre-established tolerance employed in the step-by-step integration strategy of the analysis. Based

on inspecting the time-histories of response for SCR record # 4 (for both 0.6 and 0.8g intensities) and for

the other records, a collapse-level high displacement was not expected. There was no attempt to alter the

analysis parameters (e.g., iteration steps, tolerance limits, etc.) for any analysis, such that all results

generated were from equal-parameter runs.  This distinction is important because the discussion in this

chapter assumes no collapses occur among the runs performed. Without this assumption the analysis of

displacement results would have had to be performed conditioning on the non-observance of collapse.

Another way that collapses could have been considered would be to identify a lower-bound for the value of

displacement that SCR records #4 would have produced, in order to make an overall comparison as done in

table 5.1.
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From results in Shome (1999) the typical dispersion reduction for normalization is

approximately 2, and as seen in Chapter 3, the typical value of total reduction is of

approximately 4. This means that the effect of shape uniformization alone should account

for a similar reduction of around 2 as well. Notice that the sample size is small (i.e., 7 to

8 data points) for this example; therefore one cannot definitely establish if the reduction

has been less than expected or not.

One can observe a typical value of bias (ratio of median response to the suite of original

records and the median response to the compatibilized suite) in the previous response

results. For the individual values of intensity, the observed bias (ratio of the median

response from the original records to the median response from SCR) ranges from around

10% (for the records scaled to 0.8g) to around 35% (for the records scaled to 0.6g). The

overall bias for the pooled data set was established by comparing the values of the slope

a, since for a value of b = 1.0, the median displacement given spectral acceleration is

directly proportional to it. The value observed, bias = 1.14, falls between those observed

for MDoF bilinear hysteretic systems between 0.25Hz and 1.0Hz and for levels of

ductility between 2 and 4 (see tables 3.4 and 3.5). This observed bias differs from the

ones reported in Chapter 3 in that a distinction is not being made for the level of ductility

considered. In other words, by comparing the value of a, the bias reported is given on an

average sense for the levels of displacement observed in the data set. Also remember that

the structure is not of a bilinear hysteretic type. It corresponds to a fragile braced frame

system that would present a strong strength reduction in the backbone of its hysteretic

loop. Such cases were not considered earlier. It needs to be noted, however, that the

observations presented are not as robust as the results in Chapter 3, due to the much

smaller sample sizes.

As mentioned previously, the region of primary interest for these analyses corresponds to

frequencies lower than 0.53 Hz (the frequency of the system). In order to perform an

analysis of the effects of global shape on the response to spectrum matched records

(which was not done here) one should not expect to be able to consider the value of the

softened effective frequency to be fµ = f0 / µ1/2. Such a relationship is an ad-hoc rule
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based on the bilinear backbone of the hysteresis systems considered in Chapter 3, and

does not apply to the strength-degrading braced frame system. Following the rationale

behind the relationship of the softened effective frequency for ductile systems one would

expect a lower frequency for a given level of ductility.

Although the components of ground motion were selected in order to separate the effect

of additional variability due to the relative orthogonal intensities, a direction of maximum

response "jump" was observed in two of the seven spectrum matched record runs. In

other words, the maximum response was not parallel to the stronger record. For all the

cases using original records the strong component caused the largest response, i.e., the

direction of maximum response corresponded to the direction of maximum input. For the

original records the intensity ratios of strong to weak directions ranged from 1.48 (for

record 2) to 4.104 (record 4). On the other hand, for all cases of spectrum-matched

records the ratio was by design fixed at 2.3 (compare figures 5.2a and 5.2b). The fact that

no "jumping" was observed for the original records may be due to the limited sample

size. The occurrence of  "jumping" was present in the original-record runs in Chapter 4

(see Appendix 4.A). Figure 5.4 shows an example of the response direction "jumping" for

record 2.

A natural extension to the exploration of the use of spectrum matched records beyond the

effect of the global spectral shape in structural response for the 3-D case is an

investigation of the effect of the reduced variability of the relative intensities of the

orthogonal components of strong ground motion. The limited sample size does not allow

us to perform a confident multivariate regression analysis that could determine such an

additional effect. For the preferred case of performing analyses with a random selection

of ground motion principal direction (for Sa(f0), for example) the cases of closer to unity

orthogonal intensity ratios may be more damaging than those of higher valued ratios.

However, for current standards of record selection by a traditional 1-dimensional PSHA-

based disaggregation scheme, the value of spectral acceleration considered would be the

median of both components. This selection results in unity ratios that would have a

smaller largest component than would larger ratios. Although this effect may be likely to
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be of a 3rd order importance, it warrants further study. This problem is addressed to some

extent in the following section.

5.2.2 Attenuation Law-based Scenario Spectral Shape.

Given the PSHA-based disaggregated M-R scenario a more natural selection of target

spectral shape for spectrum matching records is that of the corresponding attenuation law

median prediction. Current state-of-the-practice PSHA is performed uni-dimensionally

and, as mentioned earlier, traditional attenuation laws estimate the average (logarithmic)

intensity of both orthogonal directions of horizontal ground motion. The loss of

information on the relative intensity is unfortunate for the 3-D case, since it does not

permit a rational selection of relative intensities given the average. It also leaves one with

the sole choice of the median shape for both horizontal directions, which may not be

appropriate, especially in near-source cases, where the ratio may be particularly large

(Sommerville, 1997).

Given the lack of information, one possible way to consider the single spectral shape

provided is to compatibilize both components of all available records to it and analyze the

structure with them. Traditional code consideration of simultaneous orthogonal

components of ground motion is done through response spectrum analysis (for linear

analysis) and considers 100% of ground motion in one direction and 30% of ground

motion in the other (e.g., SEAONC, 1996). Notice that this yields an intensity ratio (1:0.3

or 3.33:1) that is unconservative with respect to the ratio considered in the previous

section (1:0.41 or 2.41:1). For the particular case of our near-symmetric system, the unit

ratio seems to be overly conservative with respect to the results of the dynamic analyses

that used the records’ original intensity ratio. Table 5.2 shows the results corresponding to

five runs for two different cases with records that are spectrum-matched to the

attenuation-law median spectral shape. The first case considered the same level of

intensity (Sa) for both orthogonal directions, whereas the second case considered the

relative intensities that the unmodified records had. In both cases the larger spectral
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acceleration was set equal to that of the larger spectral acceleration in the original

records. The attenuation law used for the determination of the median scenario shape was

taken from Abrahamson (1997).

All vertical components of ground motion were compatibilized to the corresponding

vertical-motion attenuation law; the ratio of horizontal to vertical intensity, for the unit

horizontal intensity ratio case, was directly taken from there as well.

As can be seen in table 5.2 one can directly see the higher response that the unit ratio

causes with respect to the case of considering a more rational set of intensity ratios.

Similar to the regression analysis performed on the results shown on table 5.1 (previous

section), values of the slope a and the mean square error (MSE) were obtained for a dmd

= a Sab model (with b = 1). The difference in response can be summarized by the relative

values of the slope a.  For this case if we consider valid an introduced average bias (due

to the effect of spectrum matching) of the order of 1.2 (for the level of response

observed), then the unit ratio case would even yield conservative results with respect to

the use of real records (i.e., the hypothetical "real" records would have produced a

median slope of a = 3.57 * 1.2 = 4.3 , which is less than  5.12).

We can see in the original-ratio portion of table 5.2 that the spectrum compatible records

used there seem to produce a higher median estimate of response (as given by the value

of a) than those used in the previous section (table 5.1c). This comparison is not strictly

valid, due to the high standard error of estimation of these medians caused by the small

sample sizes, and the use of (slightly) different target spectral shapes (perhaps even

neglecting, due to the symmetry of the structure, the effect of considering the strong

component for the same direction in the latter case). Also, having observed the much

higher responses of the unit ratio case a hypothesis that can arise is the possible

additional reduction of bias (with respect to actual records) from the use of fixed

orthogonal intensity ratios for the SCR set.
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The large response produced by the unit orthogonal intensity ratio case may be a result of

the structure being near-symmetric3. The observed typical failure mode for the unit ratio

case was based on yielding in the leg elements, as opposed to the brace buckling failure

mode more typical for the other case observed for the steel jacket. From an elastic point

of view, a corner tubular leg member of a symmetric system for the unit-ratio example

would be affected by internal actions 21/2 times larger than its infinite-ratio counterpart

(i.e., using only one component). Systems with large asymmetries may not introduce as

large a factor for the internal actions on the corner legs (e.g., a structure with many bays,

longer in one direction).

The same way one would not use the same accelerogram of one component of ground

motion simultaneously in both directions, one should not use the same level of spectral

target for both directions. Strictly, the shapes to be considered should be generated by

attenuation laws constructed with different sets of ground motion records (e.g., fault-

parallel and fault-normal). As mentioned earlier, it should be expected, however, that

their spectral shapes are similar except for the near-source case.

 5.3 Conclusions.

The main objective of this chapter was to explore the validity of findings from Chapter 3

regarding the use of spectrum matched records, considering what we learned in Chapter 4

on the 3-dimensional system. The higher level of complexity of the 3-dimensional system

involves not only structural modeling issues but also includes considerations on the

ground motion input for the structural analyses.

                                                
3 Unless one has a firm knowledge of the actual possible differences in the orthogonal ground motion

intensities (as perhaps would be the case in a near-source situation), one would perform such analyses

twice, one for each horizontal direction. Of course this would not be necessary for a strictly symmetric

system.
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The limited size of the suite of records used did not allow us to establish the findings with

as much confidence as was shown in Chapter 3. The use of such a small sample size also

introduced "noise" in the results that was not present before, such as, possibly,  the use of

not-so-smooth target spectra for the 3 components of ground motion in section 5.2.1. It

was not established in Chapter 3 how much reduction in dispersion by using spectrum

matched records was from the elimination of jaggedness in the spectral shape, versus the

reduced variability in the overall shape factor (which does not include a measure of

jaggedness).

The limited sample size did not allow a rigorous test of the significance of the 1.14 value

of bias (ratio of observed median displacements from real records to median

displacements from the use of SCR) for the strength and stiffness degrading structure

(due to brace buckling) not considered in Chapter 3. This value is consistent, however,

with the results from Chapter 3. It raises the question of the potential importance of an

additional source of bias due to the suppressed variability in the spectral acceleration

ratios of the intensity of both components. The effect of this suppressed variability merits

further study. The issues raised can also be taken as a call to our suppliers of attenuation

laws for (previously considered unimportant) information on both strong and weak

components.

The classic representation of ground motion intensity, as considered by typical PSHA

uses a scalar value of spectral acceleration. This procedure is dictated by the traditional

seismological  delivery of attenuation laws based on average spectral accelerations from

two orthogonal directions. One example of the limitation of such attenuation laws is their

use in studying directivity effects, important in near-source sites, for which special

attenuation laws are just beginning to be developed (Somerville, 1997).

Although the experiment in section 5.2.2 could have been performed using the median

shapes produced for section 5.2.1, the use of smooth attenuation law-based shapes may

be of a more practical use. The main focus of section 5.22 was to establish the

inadequacy of adhering to only the information that conventional attenuation laws
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provide, i.e., the median spectral acceleration of the two components. Recall that from

Chapter 4 an empirical value of the average ratio of the maximum spectral acceleration to

the average spectral acceleration was approximately 1.2  (at least for a [6.7, 7.3]

magnitude range and a [10,30] distance range for soil sites). Such a value, which requires

an average ratio for the minimum intensity of 0.8, could then be considered for the

relative intensities to consider for the simultaneous analysis of both orthogonal directions

while using the same scenario spectral shape. This could be done, for example, by setting

the weak intensity level at 1/(1.2/0.8)  = 1/1.5. The unlikely case of having not only the

same spectral intensity (at the fundamental elastic frequency) but also the same shape

would yield not only relatively high displacements but failure modes/sequences (e.g.,

based on the yielding of the corner legs) that are unlikely to occur with the more typical

large-small orthogonal intensity couple (of different relative values) of actual ground

motion.

The M-R scenario-based selection of records that was used throughout this work has been

typical for current practice for the planar structural system case, when a single

(horizontal) spectral intensity and shape usually suffice. It is beyond the scope of this

study to establish an analogous procedure for the selection of appropriate accelerograms

for 3-D analyses. State-of-the-practice disaggregation of hazard for the selection of a

"representative" M-R scenario pair does not consider the conditional probability of

observing one or two components of ground motion (e.g., Say, Saz) given the observance

of the orthogonal component (i.e., Say, Saz).



CHAPTER 5: THREE-DIMENSIONAL SPECTRUM MATCHING.

236

Chapter 5 Figures.
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Figure 5.1. All records’ spectra (both orthogonal directions) vs. attenuation law-based scenario shape. The

attenuation-law median shape has been normalized to the records’ median value at 0.5Hz, close to the

jacket’s fundamental frequency (0.53Hz). The records are on average somewhat stronger than the predicted

spectrum at higher frequencies, although the shape is quite similar.
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Figure 5.2a. Target shape (median of stronger records) for compatibilizing stronger horizontal components

to. The spectra are scaled to the median value at a reference frequency of 0.5Hz, close to the fundamental

elastic frequency of the structure (0.53Hz), except for the scenario shape which is scaled at the median of

all horizontal components, as in Fig. 5.1.
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Figure 5.2b. Target shape (median of weaker records) for compatibilizing weak horizontal components to.

The spectra are scaled to the median value at a reference frequency of 0.5Hz, close to the fundamental

elastic frequency of the structure, except for the scenario shape which is scaled at the median of all

horizontal components, as in Fig. 5.1.
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Figure 5.3. Response from original records and compatibilized records (SCR). Numerical convergence was

not attained for the response corresponding to the SCR runs for record #4, so an additional intensity of

0.45g was considered for this record. The values of the Sa-dmd pairs are given in table 5.1a). Note that at

Sa = 0.6g, there two original-record data points are very close to each other (around dmd = 3.1’), and so are

two SCR data points (around dmd = 1.5’).
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Figure 5.4 "Jump" in (maximum) response direction for a spectrum compatible version (SCR) of record 2

(at Sa = 0.6g). dd represents deck displacement (as given by two diagonally opposed nodes). The vertical

line indicates the time at maximum deck displacement in either direction. The weak direction of the

original records had spectral accelerations of 0.6/1.48 = 0.41 and 0.8/1.48 = 0.54 (from the ratio 1.48 for

record 2). For the SCR case the intensities were actually lower, at 0.6/2.3 = 0.26 and 0.8/2.3 = 0.35 (from

the fixed ratio 2.3 for all SCR cases).
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Chapter 5 Tables.

Data from nonlinear dynamic analyses

Original records Compatible records

record Sa [g] dmd [ft] record Sa [g] dmd [ft]

4 0.45 2.25

1 0.6 2.42 1 0.6 2.63

2 0.6 3.10 2 0.6 1.47

3 0.6 1.48 3 0.6 1.49

4 0.6 3.08 4 0.6 N/A

1 0.8 3.85 1 0.8 3.13

2 0.8 3.59 2 0.8 3.23

3 0.8 1.53 3 0.8 2.29

4 0.8 4.48 4 0.8 N/A

a) Results from nonlinear analyses: Deck maximum displacements (dmd) for all records.

Original records SCR

Sa dmda [ft] dmdm [ft] MSE1/2 n dmda [ft] dmdm [ft] MSE1/2 n

0.45 - - - 0.00 2.25 2.25 0.00 1

0.60 2.52 2.42 0.35 4.00 1.86 1.79 0.33 3

0.80 3.36 3.12 0.49 4.00 2.88 2.85 0.19 3

Total 0.39 8.00 0.24 6.00

b) Cross-comparison of statistics between same-level intensity results. Notice the reduction in dispersion

for both cases, 0.6 and 0.8g. dmda represents the average deck maximum displacement. dmdm represents the

median displacement (modeled here as the exponential of the average of the logarithms). MSE1/2

corresponds to the square root of the mean square error, and takes into account for each case the reduced

number of data points (n-1).

(Table 5.1. See caption below)
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Original SCR

a [ft/g] 3.96 3.47

MSE1/2 0.39 0.29

c) Statistics for all pooled data. A regression model based on ln(dmd) = ln(a Sab ) = ln(a) + b ln(Sa) was

considered, and for simplicity, the value of b=1 has been assigned. MSE was computed with (n-1) = 7.

MSE1/2 corresponds to the mean square error of the regression, which is the estimate of σln(dmd) | ln(Sa).

Table 5.1 (cont.).  Results from the nonlinear dynamic analyses for the original records as well as for the

spectrum compatible records (SCR). N/A indicates that the value of the displacement was not available due

to the numerical non-convergence within the analysis (see footnote (2)), and the data point was treated as

non-existent.

Unit ratio orig. ratio

record Sa [g] Sax/Say dmd [ft] record Sa [g] Sax/Say dmd [ft]

1 0.78 1 4.80 1 0.78 1.80 2.50

2 0.77 1 3.80 2 0.77 0.67 4.00

3 1.18 1 5.60 3 1.18 0.24 4.30

3 0.98 1 4.70 3 0.98 0.24 2.20

4 0.83 1 4.20 4 0.83 2.58 3.50

a 5.12 a 3.57

MSE1/2 0.11 MSE1/2 0.32

Table 5.2 Response for 2 cases of intensity ratio: unit horizontal intensity ratio, and varying ratios obtained

directly from the seeds’ horizontal relative intensities as well as vertical relative intensity. Sa corresponds to

the maximum of the two horizontal spectral accelerations. The vertical intensity for the unit ratio case was

taken directly from the attenuation law (Abrahamson, 1997). All responses correspond to spectrum

matched records with the median scenario shape from the attenuation law.
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Figure 5.1. All records’ spectra (both orthogonal directions) vs. attenuation law-based

scenario shape. The attenuation-law median shape has been normalized to the records’

median value at 0.5Hz, close to the jacket’s fundamental frequency (0.53Hz). The records

are on average somewhat stronger than the predicted spectrum at higher frequencies,

although the shape is quite similar. .................................................................................236

Figure 5.2a. Target shape (median of stronger records) for compatibilizing stronger

horizontal components to. The spectra are scaled to the median value at a reference

frequency of 0.5Hz, close to the fundamental elastic frequency of the structure (0.53Hz),

except for the scenario shape which is scaled at the median of all horizontal components,

as in Fig. 5.1. ...................................................................................................................237

Figure 5.2b. Target shape (median of weaker records) for compatibilizing weak

horizontal components to. The spectra are scaled to the median value at a reference

frequency of 0.5Hz, close to the fundamental elastic frequency of the structure, except for

the scenario shape which is scaled at the median of all horizontal components, as in Fig.

5.1. ...................................................................................................................................238

Figure 5.3. Response from original records and compatibilized records (SCR). Numerical

convergence was not attained for the response corresponding to the SCR runs for record

#4, so an additional intensity of 0.45g was considered for this record. The values of the

Sa-dmd pairs are given in table 5.1a). Note that at Sa = 0.6g, there two original-record

data points are very close to each other (around dmd = 3.1’), and so are two SCR data

points (around dmd = 1.5’)...............................................................................................239

Figure 5.4 "Jump" in (maximum) response direction for a spectrum compatible version

(SCR) of record 2 (at Sa = 0.6g). dd represents deck displacement (as given by two

diagonally opposed nodes). The vertical line indicates the time at maximum deck

displacement in either direction. The weak direction of the original records had spectral

accelerations of 0.6/1.48 = 0.41 and 0.8/1.48 = 0.54 (from the ratio 1.48 for record 2). For

the SCR case the intensities were actually lower, at 0.6/2.3 = 0.26 and 0.8/2.3 = 0.35

(from the fixed ratio 2.3 for all SCR cases). ...................................................................240
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Table 5.1 (cont.).  Results from the nonlinear dynamic analyses for the original records as

well as for the spectrum compatible records (SCR). N/A indicates that the value of the

displacement was not available due to the numerical non-convergence within the analysis

(see footnote (2)), and the data point was treated as non-existent. .................................242

Table 5.2 Response for 2 cases of intensity ratio: unit horizontal intensity ratio, and

varying ratios obtained directly from the seeds’ horizontal relative intensities as well as

vertical relative intensity. Sa corresponds to the maximum of the two horizontal spectral

accelerations. The vertical intensity for the unit ratio case was taken directly from the

attenuation law (Abrahamson, 1997). All responses correspond to spectrum matched

records with the median scenario shape from the attenuation law..................................242
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Chapter 6

Summary and Final Conclusions

The trend in modern seismic design is to incorporate procedures that address the

nonlinear response of structural systems more so than has been done in the past.

Probabilistic Seismic Demand Analysis (PSDA) is a recently developed tool that permits

incorporating in a rational way the complex nonlinear seismic response of structures into

both evaluation and design. In its simplest form, PSDA couples the probabilistic

description of ground motion (i.e., Probabilistic Seismic Hazard Analysis, PSHA) to the

conditional response of the structural system in order to provide a probabilistic

description of structural response (see Chapter 1 and Appendix A). Findings from the

previous chapters address questions on either evaluation or design as the ultimate goal for

PSDA.

The following paragraphs do not intend to summarize in detail the findings of each

chapter. Instead, the intention of this chapter is to thread them together for a clearer

overview.

6.1 PSDA and Spectrum Matching.

Chapters 2, 3 and 5 dealt with issues regarding the evaluation of structures. One aspect of

structural evaluation is the identification of the relationship between response and ground

motion intensity, which is a necessary element of PSDA. In particular, these chapters
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addressed the efficiency and accuracy that the use of some seismological representations

of possible ground motion (e.g., Spectrum Compatible Records, SCR, or Spectrum

Matched Records) may or may not have in the description of structural response.

Response spectral shape is a valuable property of ground motion, which has an important

contribution to structural displacement demands. Its importance, coupled with the

scarcity of recorded ground motion, leads to the interest in the use of artificially created

accelerograms with a desired spectral shape, i.e., spectrum matched records.

In Chapter 2, the use of SCR was proposed for the "correction" of available records of

particular magnitude-distance and soil type (the seeds) for the representation of ground

motion of different characteristics (the objective). It was found that the corrected records

could be used for an accurate estimation of displacement demands that the corresponding

recorded ground motion would produce.

Another factor that greatly contributes to the interest in the use of SCR is the

computational expense involved in nonlinear structural dynamic analyses. As a result,

artificial accelerograms are intended to be used for the efficient estimation of seismic

demands, in addition to the accuracy of the estimation required. Chapter 3 investigated

the previously unverified validity of the use of SCR for these purposes. It was found that

the use of SCR does present an important reduction in the variability of nonlinear

response vis-à-vis the use of actual recorded ground motion for dynamic analyses, for the

particular case of a M-R scenario-based shape and suite of records. The typical reduction

in the coefficient of variation of displacement-based response is on the order of 4:1 (and a

little higher for hysteretic-energy demands). This reduction allows the analyst to employ

as few as 1/42 or 1/16 the number of records that would be required for the same level of

confidence in the estimate of median demands obtained by using original recorded

accelerograms. It is important to mention that although the reduction in dispersion is

significant, it is not low enough to warrant the use of only a single spectrum matched

record to obtain an estimate of median displacement demands with a reasonable

confidence interval.
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The efficiency gain produced by this reduction in dispersion, however, does not come

without a price. The estimation of displacement demands is no longer accurate: it is

biased. The effect of using a set of accelerograms matched to the median shape of the M-

R scenario is to observe an unconservative bias in the estimate of displacement demands.

(The results showed no consistent effect on the estimation of hysteretic energy-based

centralized statistics). The typical bias in displacement demands introduced by use of

SCR is on the order of 1.2:1 (for levels of ductilities around 4 and above). In other words,

the displacement demands that a sample of actual recorded ground motions from a

particular M-R scenario would yield are around 20% larger than those predicted by

SCR’s. The cause of the bias was identified. It was found that there is an asymmetric

effect of the global shape of the spectrum on the displacement demands, such that the

effect of compatibilization introduces such a bias in the estimates of demands. Although

the target spectral shape can be modified in order to have the SCR produce unbiased

estimates of median displacements, it did not appear to be a practical solution. The level

of bias across different systems seemed reasonably stable such that the values for

displacement demands could instead be directly and simply corrected, in order to obtain

an approximated unbiased estimate of the median.

Chapter 3 was limited to planar SDoF and MDoF systems of bilinear and pinching

hysteresis types, with and without base isolation. The analyses performed relied on a

large data set of accelerograms in order to make the observations more robust. Chapter 5

dealt with a more complicated 3-dimensional system (albeit near-symmetric), which

included a strength-degrading behavior due primarily to the braced-frame configuration.

Although Chapter 5 did not have the luxury of using a large data set, the results obtained

seemed to support the findings of unconservative bias that spectrum compatible records

may introduce. It was found in this chapter that one has to be careful when assigning

relative intensities to orthogonal-SCR, because actual recorded ground motions generally

present differences in relative intensity.
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It has to be mentioned that the results presented in this work did not include findings with

respect to some important cases, such as the use of near-source records. Also, in terms of

spectral shape, only the smooth M-R scenario-based median spectral shape was

considered. Other smooth spectral shapes not studied here that are of typical current use

include code-based design spectra and uniform hazard spectra, for which the "right"

answer is more difficult to establish.

6.2 PSDA and Design.

Chapter 4 studied the use of PSDA as a tool for structural design by decomposing its

constituents for identifying a required (elastic) design level (e.g., by means of

determining a seismic intensity for member-sizing) in order to meet a performance goal.

In particular, the goal considered in Chapter 4 was that of a prescribed probability of

failure. The method proposed in that chapter contrasts with current design schemes in

that the design level is not known a priori, but is a function of the goal, and of course, the

expected nonlinear behavior (focusing at the near-failure behavior, i.e., not elastic) of the

structure to be designed.

The method proposed is iterative in nature, and one can reduce iterations from a better

understanding of the nonlinear behavior of systems, not limited to response but including

capacity. Briefly addressed in this chapter was the importance of determining if the

structural system behaves in a hardening or in a softening manner upon the offset of

nonlinearity, which will have an effect on subsequent design iterations.

It was found in Chapters 4 and 5, from having used a more complex 3-dimensional

system for the numerical design example, that definitions of seismic input and output

(e.g., spectral intensity and top displacement) need to be carefully selected when not

performing the more common planar structural analyses.
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Appendix A

Derivation of the Correction Factor Cf.

Probabilistic Seismic Demand Analysis (PSDA) builds upon the existing probabilistic

characterization of ground motion as described by Probabilistic Seismic Hazard Analysis

(PSHA). Such hazard is commonly expressed in terms of hazard curves, which are plots

of the probability that a seismic intensity Y (e.g., spectral acceleration) exceeds some

value y. In other words, the hazard curve (represented by H [ y ]) is equal to P[Y > y].

The interface between PSDA and PSHA can be seen as the correction factor, Cf, as

utilized in Chapter 4 for the probabilistic description of failure. Such Cf "inflates" the

probability H[ y ] to account for the variability in the conditional response given intensity.

The probability of response, in failure terms, was written in Chapter 4 as:

CfSaHPP ccf *][][ =>= δδ ,       (A.1, 4.10)

where Sac is the spectral acceleration capacity of the system. The correction factor, in

terms of the probability of failure is then:

][/ cf SaHPfC = . (A.2)
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For the particular case where the log-linear relationship between the median

displacement, δ, and spectral acceleration, Sa, is assumed to hold (Eq. A.3) and when the

integral of total probability for finding Pf (Eq. A.4) is expanded, the value of H[Sac]

appears explicitly and Cf can be analytically obtained. Recall,

b
aaS=δ , (A.3)

and,

∫
∞

=>−=>=
0

)(]|0)ln()[ln(][ duufuSaPPP Saccf δδδδ         (A.4, 4.16)

Since the probability density function of Sa (i.e., fSa(u)) can be written in terms of the

hazard curve (unity minus the cumulative probability) we can re-write Eq. A.4 as:

∫
∞

−=>−=>=
0

)
)(

](|0)ln()[ln(][ du
du

udH
uSaPPP ccf δδδδ (A.5)

 Using integration by parts and recognizing that in the limit:

0]0)ln()[ln(lim
0

=>−
→

c
Sa

P δδ , and

0][lim =
∞→

SaH
Sa

, we have:

∫
∞

=>−=
0

][])|0)ln()[ln(( duuHuSaPP c
du

d
f δδ . (A.6)

For the assumption that both the displacement capacity, δc, and the displacement given

spectral acceleration, δ(Sa), are lognormally distributed (such that their logarithmic

difference has a normal distribution with variance given by Eq. A.7, and with median
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values equal to δcm and aSab, respectively), we can anticipate P[ln(δ) - ln(δc) > 0 | Sa] to

be a lognormal CCDF (complementary cumulative distribution function) as a function of

Sa (which can be seen as a fragility curve), with the median value Sa50 = (δcm / a ) 1/b , and

to be able to easily find the value of Cf as done in Appendix A of (Bandyopadhyay, et al,

1993). For small values of Sa, the probability of the aforementioned event tends to zero;

for high values of Sa it tends to unity, and when Sa = (δcm/ a ) 1/b this probability is one

half. The total variability of the logarithmic difference of displacement given Sa and

displacement capacity is:

222
ct δδ σσσ += .       (A.7, 4.12)

Let z (y) = ln(δ (y )) - ln(δc), such that, as mentioned above, it is normally distributed with

parameters E[z(y)] = ln(a yb) - ln(δcm), with a homoscedatic variance: VAR[z(y)] = σt
 2

(i.e., constant variance throughout the range of possible Sa values). Call g(y) the normal

distribution density function with the above parameters. By renaming the variable of

integration for clarity, we have:

∫∫∫
+∞

−

+∞

−

+∞

=−===>
)]([)]([0

)())]([()(]|0)([
yzEyzE

duufduyzEugdgyYyzP ττ , (A.8)

where f(u) = g(u - E[z( y )]) is a normal distribution with the same variance as g(τ) but

now centered at the origin. Due to the symmetry of the normal distribution, we can re-

write:

∫∫
+

∞−

+∞

−

=
)]([

)]([

)()(
yzE

yzE

duufduuf . (A.9)

The fundamental theory of calculus lets us easily differentiate this function with respect

to y, so:
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)]([)])([(])([
)]({

yzE
dy

d
yzEfduuf

dy

d
yzE

=∫
+

∞−
. (A.10)

By using Eq. A.10 and Eq. A.8, we get:

y

b
eySayzP

dy
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t

cmyba

t

2)
)ln())(ln()ln(

(
2

1

]
2

1
[]|0)([ σ

δ

πσ

−+−
==> (A.11)

which is the sought-after derivative of the lognormal fragility curve in Eq. A.6.

By assembling the original probability of failure and utilizing the linear approximation of

the hazard curve, which is stated as:

0

1][ KyKyH −= , (A.12)

we obtain:

y

dy
e

b
yKPf b

ay

t

K
t

b
cm 2

/1

0

)
/

)/ln()ln(
(

2

1

1
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1 σ
δ

πσ
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−

∞+

∞−
∫=  . (A.13)

With the change of variable ln(y) = t, our probability of failure is given by:

dtee
b

K
Pf b

at

tK

t

t

b
cm 2

/1

0
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)/ln(
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2

1

1
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δ
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−∫= . (A.14)
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The integrand can be reduced and solved by the following equivalence (see, for example,

Elishakoff, 1983):

ABAC

CBtAt

e
A

dte 2/)(

)2(
2

1

2
2

−−
++−∞+

∞−

=∫ π
. (A.15)

So, finally:

])(
2

1
[

/12/)/()/(
1

20
2

0
/1

0 ])/[( b

K
b

cm
bKaK

t

t
b

cm eaHeeKPf
σ

σδ δ== . (A.16)

Hence, by (A.2), recognizing that Sac = (δcm /a )1/b, we can find the value of the correction

factor:

])(
2

1
[ 20

b

K
t

eCf

σ

= . (A.17)
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Appendix B

On the selected ground motions for

Chapter 3 and the effect of bin width on

bias.

The assumed importance of the use of accelerograms from a narrow magnitude-distance

bin is to be able to associate the results obtained from nonlinear analyses to the particular

magnitude-distance pair of a seismic event of interest (i.e., to a scenario event) and to

clarify the study of non-linear responses by avoiding potential magnitude-distance

dependencies. Therefore, the selected width of a bin (i.e., the range for magnitudes and/or

for the distance) has potential implications on the results obtained in Chapter 3. Two

important statistics that were discovered in this study to impact the bias introduced by the

use of spectrum-matched records are identified in Chapter 3.  They are (1) the dispersions

of and (2) the correlation between the spectral accelerations at the fundamental frequency

of the structure and at a lower frequency associated with the general level of nonlinearity

introduced by the ensemble of records.  The larger the dispersions of spectral acceleration

at these frequencies, the larger the bias introduced. Also, the smaller the correlation

coefficient between the two spectral accelerations the larger the bias.  The "width" of the

bin changes these three statistics somewhat, and therefore could affect the bias.

For clarity of the argument in Chapter 3, it was perhaps unfortunate that not all of the 63

records were precisely of the same bin (only 44 were). In fact, 4 records had distances
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larger than 144 kms, implying low intensities; 8 had magnitudes between 6.0 and 6.2 (of

which one record was soil type A, as per FEMA-273, 1996, at a distance of 0.1km); and 4

other records were of soil type A while 3 were unclassified, for a total of 19 records

outside the bin for one reason or another.

The following tables, however, indicate that the inclusion of the 19 out-of-bin records

had negligible impact on the existence or the amount of bias. The conclusions presented

in Chapter 3 hold, therefore, even for a purely bin-based ensemble of accelerograms.  The

practical importance of this statement is that it allows the engineer to use records

available to her (within sensible limits), even though they may not strictly belong to a

particular bin, e.g., a bin enclosing a particular scenario of interest.

Results shown in Table B.1 below show the biases and the dispersion reduction obtained

by the use of the 44 strictly-in-bin records, and their comparison to the results obtained

from the use of all 63 records. Shown are results for selected bilinear, SDoF and MDoF

systems, with fundamental structural frequencies of 1Hz and 4Hz. The ductilities

considered range from 2 to 8, as do the results in section 3.5.  The records from these sets

were compatibilized to the spectral shapes shown in Figure B.11.

                                                
1 Although the median spectra corresponding to both sets of records are not precisely the same, their shapes

are virtually identical, albeit offset (the 63-record median shape being a little lower as seen in Fig. B.1).

Hence, only one spectrum was used (that of the 63-record set) as target for compatibilization. The

spectrum-compatible records were scaled upwards by the amount of the offset at the corresponding

frequency for use in the non-linear analyses corresponding to the 44-record set.
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Figure B.1. Median response spectra for the 63-record and 44-record sets. The 63-records’ median

spectrum is a little lower due to the inclusion of the lower-magnitude and higher-distance records. Notice,

however, the virtually identical shapes.
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SDoF 1Hzep   SDoF 4Hzep   

Original Compat’ed Ratios 44 recs. Ratios 63 recs. Original Compat’ed Ratios 44 recs. Ratios 63 recs.

µ 2.35 2.12 1.11 1.11 2.03 1.98 1.03 1.06

σ 0.70 0.18 3.84 3.94 0.64 0.18 3.54 3.56

µ 9.63 7.94 1.21 1.14 8.81 7.49 1.18 1.20

σ 0.77 0.23 3.38 3.81 0.81 0.23 3.49 3.57

   (From table 3.2a)  (From table 3.2a)

MDoF 1Hzep   MDoF 4Hzep   

Original Compat’ed Ratios 44 recs. Ratios 63 recs. Original Compat’ed Ratios 44 recs. Ratios 63 recs.

µ (max intstry.) 1.88 1.76 1.07 1.06     

σ 0.59 0.14 4.38 4.36   

µ (global) 1.37 1.37 1.00 0.98   

σ 0.52 0.11 4.89 5.13     

µ (max intstry.) 5.12 4.00 1.28 1.17 3.21 2.96 1.08 1.10

σ 0.67 0.22 3.06 2.91 0.72 0.22 3.21 3.13

µ (global) 2.89 2.41 1.20 1.12 2.02 1.86 1.08 1.06

σ 0.62 0.15 4.18 3.04 0.56 0.12 4.52 4.60

µ (max intstry.) 8.40 6.75 1.24 1.17 8.12 7.34 1.11 1.13

σ 0.71 0.25 2.82 2.91 0.78 0.18 4.35 3.94

µ (global) 4.67 3.55 1.32 1.24 4.83 3.58 1.35 1.32

σ 0.69 0.20 3.41 3.31 0.81 0.20 3.98 3.83

(From table 3.5) (From table 3.6)

Table B.1. Results from nonlinear analyses for MDoF and SDoF systems for the 44-record set, strictly

corresponding to the narrow magnitude and distance bin (M between 6.7 and 7.3, R between 10 and 30km)

indicated in section 3.4.  The ratios indicated are of the results (median ductilities and standard deviations

of the logarithm) for original records divided by those of the spectrum-compatible records. The “bias” was

defined in Chapter 3 as the ratio of the median ductilities (original to compatible). Also shown (in bold) are

the ratios obtained from the use of the whole 63-record set which include a few records of lower magnitude

as well as records of larger distances, taken from tables 3.5 and 3.6). As can be seen, there are no

significant differences between the ratios for the 44 and 63 record sets, for these 1Hz and 4Hz bilinear

systems, for both ductility and standard deviation ratios.
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As can be seen, for each of the structural cases considered, the observed bias results are

not statistically different between the two record sets.

It can be asked if the effects of the two record sets’ bin widths on the bias might have

been predicted from the formal derivations in this work.  The target is the response for a

specific M-R pair. In the case of the 44 records a bin of narrow but still finite width was

used; in the case of 63 records a still “wider” bin was used. Recall from section 3.8 that

the prediction of the level of bias introduced by the use of spectrum-matched records

could be linked to the statistical properties of the spectral accelerations of the unmodified

records, as follows:

])2/()2)([()][ln( ln
2/1

ln µµ
σβπαασµ GSGS RRRE +−+ +−= , (3.35)

where Rµ is the normalized ductility (with respect to the median ductility from all

spectrum-matched records) for a specific record. Therefore exp(E[ln(Rµ)]) can be

associated with the bias.  The α’s and β are structure-dependent parameters, whereas

µ
σ

GSRln corresponds to a parameter dependent on the aforementioned statistics:

µµµ σσρσσσ µµ SaSaSaSaSaSaRGS GSRVar lnlnln,0lnln
2

ln
2

ln
2

00 2)][ln( −+== .

(3.26)

As can be seen in these equations, the level of expected bias increases with the level of

dispersion of spectral acceleration at the fundamental frequency, f0, and at the “softened”

frequency, fµ. Both bias and dispersion increase with the level of expected non-linearity.

Also, the lower the correlation coefficient the higher the expected bias.

At either frequency f0 or fµ, for a specific M-R scenario, the level of spectral acceleration

dispersion is the natural variability observed. This is described and estimated by typical

published attenuation laws (e.g., Abrahamson and Silva, 1997). In the context of using a
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suite of records that do not strictly correspond to the desired scenario, as in records

selected for a bin of finite width, the variability in observed spectral accelerations for a

particular frequency will increase as the width of the bin increases, increasing the bias. Is

the increase significant for practical bin widths? In the worst case one might ask: Have

the biases observed been caused primarily by this bin width issue, obscuring any

purported bias due to the compatibilization per se?

It is not obvious how the width of the bin might alter the coefficient of correlation

between the spectral accelerations at the two frequencies of interest, f0 and  fµ. Shown in

the following table are the values of µρ SaSa ln,0ln  for the whole set (63 records) and sub-set

of 44 records. The observed values of the standard deviation of the (natural log) spectral

acceleration at fµ, i.e., 
µ

σ Saln , are shown next to the values of µρ SaSa ln,0ln  (the value

corresponding to µ = 1 is 
0ln Saσ ). (See also Figure B.2.) Only for reference, the values

given by the Inoue, 1989, model for the coefficients of correlation, as well as the values

for 
0ln Saσ and 

µ
σ Saln  predicted by the Abrahamson and Silva, 1997, attenuation model

(for average of the two horizontal spectral accelerations) (see also Figure B.2) are also

shown. As can be seen, there is not a great difference between the coefficients of

correlation for the entire set as compared to the smaller subset.
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Correlation coefficients from Inoue, dispersion from Abrahamson-Silva, 1997

f0:1 Hz  f0:4 Hz  

µ fµ [Hz] ρ: 1HZ �fµ σln(Saµ) fµ [Hz] ρ: 4HZ �fµ σln(Saµ)

1 1.00 1.00 0.59 4.00 1.00 0.50

2 0.71 0.89 0.62 2.83 0.89 0.52

4 0.50 0.77 0.64 2.00 0.77 0.54

8 0.35 0.66 0.68 1.41 0.66 0.56

Correlation coefficients and dispersion from data (entire  63-record set)

f0:1 Hz  f0:4 Hz  

µ fµ [Hz] ρ: 1HZ �fµ σln(Saµ) fµ [Hz] ρ: 4HZ �fµ σln(Saµ)

1 1.00 1.00 0.67 4.00 1.00 0.56

2 0.71 0.90 0.73 2.83 0.82 0.61

4 0.50 0.77 0.74 2.00 0.68 0.60

8 0.35 0.71 0.74 1.41 0.53 0.67

Correlation coefficients and dispersion from data (44-record subset)

f0:1 Hz  f0:4 Hz  

µ fµ [Hz] ρ: 1HZ �fµ σln(Saµ) fµ [Hz] ρ: 4HZ �fµ σln(Saµ)

1 1.00 1.00 0.66 4.00 1.00 0.54

2 0.71 0.91 0.72 2.83 0.79 0.56

4 0.50 0.77 0.70 2.00 0.58 0.56

8 0.35 0.67 0.67 1.41 0.47 0.61

Table B.2. Coefficients of correlation between Sa0 and Saµ, and corresponding standard deviations (of the

logarithm) from data observations (whole set and the subset of 44 records). See Figure B.2 for the plot of

standard deviations of ln(Sa) for the entire range of frequencies. For reference only, published empirical

models are shown for these statistics (the standard deviations of the log-spectral acceleration from

Abrahamson and Silva, 1997, are somewhat lower perhaps due partly to the fact that they correspond to

average horizontal spectral accelerations).

Notice that the values of the coefficients of correlation are just slightly lower for the 44-

record subset for 4Hz only, and virtually identical at 1Hz. Recall (Eq. 3.26) that the lower
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the correlation the higher the expected introduced bias. We shall explore below the

predicted implication of these statistics on the bias. First, however, we introduce the

related finite bin-width question.

Expected effects from bin widths on spectral σln(Sa) and on bias.

The level of additional dispersion of spectral acceleration introduced by the  (necessary)

use of records from a bin of finite width can be explained also by the attenuation laws.

They describe regression relationships between spectral acceleration and magnitude (as

well as distance and soil type; for clarity, these two variables will be left out of this

discussion).

For example, a linear approximation (taking the slope from the derivative with respect to

magnitude) of the Abrahamson and Silva, 1997, attenuation law estimates the following

proportionality between the logarithm of spectral acceleration and magnitude (for M

around 7, and frequency around 1 Hz, at distance R = 20km), for strike-slip events on

rock sites, as follows:

lnSa ≈ [-.144 -2(-.102)(8.5-M) +0.17(lnR)] M + K + ε = 0.67M + K + ε = sM + K + ε,

(B.1)

where K is the ordinate at the origin, which is a function of distance and units (as well as

mechanism and soil type if included), ε is the random error term of the model, and the

linear slope is s = 0.67. It can easily be proven that for such a linearized version of the

attenuation relationship, the additional variance of (the logarithm of) spectral

acceleration introduced by the magnitude-width of the bin is given by the square slope

multiplied by the variance of the selected magnitudes of the bin. This translates into a

total variance of the model for spectral acceleration, for the bin records, of:

σlnSa
2= σε

2  + s2σ2
M , (B.2)
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where σε
2 is the standard error of the attenuation law regression (associated with a

specific M) and σ2
M  is the variance of the distribution of magnitudes within the finite bin.

To get a sense of the importance of bin width consider a hypothetical bin, containing

records with a uniform and continuous distribution of magnitudes, and of bin-width ∆.

The variance would be:

σ2
M = ∆2/12 (B.3)

For example, for a bin width of ∆ = 0.5 magnitude units the corresponding variance

would be σ2
M  =  0.02. This multiplied by s2 �������� �	� ����
�� ���
��� ��� �����	��� ��

typical values of σε
2 of about 0.3 to 0.5. Clearly, for typical bin widths, this additional

dispersion is not large, and its effect on bias would not be great.

 For the particular suite of 63 records selected, however, the magnitude distribution was

not uniform (or continuous). The actual values of the magnitude bin widths and

variances, for the whole (63 record) set and the 44-record bin suite, were: ∆ = 1.3 and σ2
M

= 0.097, and ∆ = 0.6 and σ2
M = 0.040 respectively. Hence, the additional variances

introduced (following the model described above, Eq. B.2) were 0.044 (for the 63

records) and 0.018 (for the 44 records), still very low with respect to the (attenuation-law)

variances of the spectral accelerations at the frequencies of interest at a specific

magnitude. These values represent small fractions of typical values of σε
2 of 4% to 15%.

Observe further that the use of the 63 records introduces an additional variance with

respect to the use of the 44-record subset of 0.044 – 0.018 = 0.026 (i.e., only between 5%

and 9% of typical values of σε
2). We should not anticipate therefore that the bias will be

seriously affected by any of these variance increases.

The following figure shows the standard deviation of the log-spectral acceleration for the

whole set, and the 44-record and 19-record subsets. As expected, the 44-record subset
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presents lower dispersion than the entire 63-record set, due to the variability introduced

by the 19 out-of-bin records. Note that although the actual differences in standard

deviation may not necessarily follow the model above, the differences are indeed low.

Figure B.2 Standard deviation of the whole set and the two subsets of records used in Chapter 3, compared

to the Abrahamson-Silva attenuation law value (for the average horizontal component).. Note the higher

values for the entire 63-record set due to the increasing of the bin magnitude width (as well as to the

different distribution of magnitudes). The differences at 1Hz and 4Hz were particularly low.

Having established the effect on the variance of log-spectral acceleration due to

magnitude bin-width, we can calculate its expected effect on the bias (of the 63 records

vis-à-vis the use of the 44 records), by means of Eqs. 3.25 and 3.26.
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For simplicity, let us assume a hypothetical case where the values of 
0ln Saσ and 

µ
σ Saln are

equal, such that the variance of ln(RGSµ), in Eq. 3.26, is proportional to 0ln
2

Saσ (assuming

that the coefficient of correlation does not vary). If we take the worst case from above,

where the additional variance due to the effect of a bin was around 15% of σε
2, then the

variance on ln(RGSµ) is increased also by 15%, or, its standard deviation is increased only

in 7% (because 1.151/2 = 1.072). For simplicity as well, let us use the simplified (linear)

version of Eq. 3.35, where β+ is zero (see Section 3.8.2 for a discussion on this case), the

value of E[ln(Rµ)] (Eq. 3.35) would then be increased by 7%. This means that the

expected (increased) bias is then that of the perfect-bin case (zero-width) raised to the

power of 1.07. For a zero-width-bias of, say, 1.2, this 15% variance increase would

augment the bias to 1.22, a less than 2% increase.

Let us compute for a pair cases what the increase in variance of ln(RGSµ) actually was due

to the use of the 63-record set vis-à-vis the use of the 44-record subset. Consider the

values for ductility µ = 8, for both the 1Hz and 4Hz cases. Recall that not only the

standard deviations of the log-spectral accelerations were not constant at different

frequencies, but the coefficient of correlation varied for one set to the other as well. The

following table shows the relevant variances computed from these statistics using Eq.

3.26 for the selected level of ductility.

VAR[ln(RGSµ)]

1Hz 4Hz

63-record set 0.30 0.36

44-record subset 0.29 0.35

Table B.3. Increase in variance in log-global shape ratio (see Section 3.6 for the definition) by the use of

larger magnitude (and distance) bin width-set of 63 records, vis-à-vis the use of the narrower bin width-

subset of 44 records (see Eq. 3.26). The effects of such small differences should signify negligible

differences in biases in median ductility estimates caused by using the spectrum-compatible version of

these records.
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Needless to say, the effects on the bias given the extremely small differences in

VAR[ln(RGSµ)], as described by Eq. 3.35 should be (and actually were) negligible.

It has been established then, not only that the use of compatible records from bins with

reasonable, finite widths do not introduce significant additional bias when used for the

estimation of median ductilities, but also, that the relative additional increase in bias from

having used the whole 63-record set vis-à-vis the 44-record subset can be predicted to be

negligible, as was observed.
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